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ABSTRACT
Structurally integrated conformal antennas offer significant advantages 
over traditional bolt on antennas, especially for air vehicle applications.  The 
ability to leverage the entire structure allows for unconventionally large 
antennas and arrays to be implemented in a manner which does not detract from 
the aerodynamic, structural or aesthetic qualities of the vehicle.  Works along 
this line have included Slotted Waveguide Antenna Stiffened Structures 
(SWASS), conformal helix and spiral antennas, Log Periodic Dipole Arrays 
(LPDA), and other antennas.  
An area which has not been investigated to date is the possibility of 
implementing reconfigurable antennas in a structural environment.  There are 
inherent challenges with this approach including the performanc e of electronic 
switches when embedded in structural epoxy, the use of non -standard 
substrates on RF performance, process challenges brought about by using 
uncommonly large substrates with severe temperature restrictions as antenna 
substrates, and the use of additively manufactured conducting traces as a 
surface for MEMS instrumentation.  These challenges or bott lenecks are 
addressed in detail in this dissertation.  
This dissertation presents the ideas and methods associated with creating 
structurally embedded frequency reconfigurable aperture coupled patch 
antennas for implementation in scanning phased arrays.  A MEMS 
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reconfigurable wideband pixelated patch antenna for 1 -2 GHz frequency range 
is presented.  This antenna demonstrates 41% bandwidth with 7.2 dB peak gain 
on one tenth of a wavelength thick structure at 1.8GHz.  A similar MEMS 
reconfigurable 1-2GHz antenna using additively manufactured conducting 
traces on structural laminates is presented next.  Measured results demonstrate 
nearly 41% bandwidth with 7.8dB peak gain.  A 4-band varactor diode 
reconfigurable pixel patch antenna with 54% bandwidth and 7.5dB peak gain 
is designed for use in a conformal phased array.  Finally, a 6 -element, 4-band 
varactor reconfigurable phased array antenna is presented.  The 5ft long array 
contains 1080 varactor diodes and numerous ultra -thin graphite fibers.  
Measured results demonstrate array performance from 400 -720MHz with a 
peak gain value above 13dB.  The array successfully demonstrates broadside 
and 35° beam steering throughout the entire frequency range.
vii 
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Antennas which possess the characteristics of being conformal, 
wideband, and highly directional are of significant interest to both the 
commercial and defense industries due to the benefits they provide.  The 
widespread use of unmanned aerial vehic les (UAVs) for a variety of civil and 
defense related tasks magnifies the desire for high -gain antennas suitable for 
communications and radar related roles.  However, due to the limited payload 
capacity in aircraft and smaller UAV’s in particular, such ant ennas must add 
minimal weight and drag to the vehicle while retaining the bandwidth and gain 
performance which made the antenna attractive originally.  This dissertation 
undertakes the challenge of designing a highly directional and wideband array 
antenna which is electrically efficient and aerodynamically invisible. The 
aperture coupled microstrip patch antenna will be used as the base element for 
the array design.  To achieve wideband and directional antenna performance 
from the microstrip patch antenna, two main research areas will be utilized: 
pixelated antennas, and electronic frequency reconfiguration.  Additionally, 
the array should add negligible weight to a structure along with not degrading 
the load-bearing integrity of the structure.  This will require the antennas to be 
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designed around non-standard dielectric substrates and materials and employ 
the concept of conformal load-bearing antenna structures (CLAS). The 
conceptual platform designed for is a large, composite skin UAV with 10’s 
sq−ft of relatively planar surface area available for the design to occupy.  This 
consideration dictates that any fabrication techniques used be translatable to 
unconventionally large substrates making many of the traditional antenna 
fabrication techniques, such as photochemical etching, significantly more 
challenging or altogether unfeasible.  Finally, once an antenna design has been 
developed which satisfies the above guidelines, the design will be expanded so 
that the developed antenna forms the element in a wideband, conformal beam 
steering array which will offer superior gain and bandwidth on a low-profile. 
Microstrip patch antennas are widely employed due to their low profile 
and high directivity.  However, a fundamental limitation of the microstrip 
patch antenna is the inherently narrow impedance bandwidth which is typically 
in the vicinity of 3%.  Research seeking to increase the bandwidth of the patch 
antenna yielded the aperture coupled patch antenna [1-5], including stacked 
patch designs which can have bandwidths greater than 50%.  Aperture coupled 
patch antennas maintain the high directivity quality of microstr ip patch 
antennas, and are well known to greatly increase the impedance bandwidth of 
the antenna.  The tradeoff for increasing the bandwidth is increased thickness 




The goal of achieving wideband performance from a microstrip patch 
antenna while minimizing its thickness is an area of ongoing investigation [6-
10].  A popular method of achieving a lower profile structure while retaining 
high gain performance is to incorporate “U” or “E” shaped slots on the patch 
[11-18], for which a total thickness of approximately λ/10 is typical.  The 
consequence of imposing the thickness constraint, even in the presence of the 
“U” or “E” slots, is a reduction in bandwidth under what would be possible 
with a thicker structure.  It remains a challenge to maximize both gain and 
bandwidth while minimizing thickness for the microstrip patch antenna.  
A concept that demonstrates a patch antenna with good gain and 
bandwidth with a relatively thin profile is presented in [11].   This paper details 
an E-shaped patch antenna with two parallel slots in the patch.  This design 
achieves a 30.3% bandwidth with a peak gain of approximately 8dB on a 15mm 
thick structure for operation between 1.8-2.5 GHz.   
Antennas that utilize electronically controllable switches to reconfigure 
with respect to frequency, pattern and polarization etc. have been widely 
researched with applications in multiple fields [19-42]. Of particular interest 
are pixelated antennas [19, 43-46], for which the antenna geometry is divided 
into multiple subwavelength dimension segments, or pixels.  These pixels are 
then either connected or disconnected using switches, bringing about the 
possibility of altering the size and shape of the aperture on demand.  A common 
choice of switch used is the PIN diode [20-23, 25-34, 37-39, 41, 43], but 
successful frequency reconfiguration using varactor diodes has been 
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demonstrated as well [24, 36, 40, 42].  PIN diodes demonstrate reasonable 
isolation and transmission loss at frequencies spanning the L-band and below.  
However, PIN diodes are current controlled devices with a biasing circuit 
which will dissipate power in the various components.  Varactor diodes do not 
suffer the disadvantage of requiring a power dissipating DC bias circuit, as a 
varactor diode is a voltage controlled device with negligible current draw.  The 
drawback to varactor diodes is the inherent capacitance ratio of the device 
which will begin to limit the isolation and transmission  loss performance as 
the operating bandwidth becomes wider.   
A third choice of electronically controlled switch which has grown in 
popularity in recent years is the micro electro-mechanical switch (MEMS) [44, 
47-53].  MEMS can provide insertion loss and i solation performance 
comparable to or exceeding what a PIN diode is capable of, and maintain that 
performance at much higher frequencies than the PIN diode.  Additionally, 
MEMS are voltage controlled devices, and similar to a varactor diode, MEMS 
require the DC power supply to source nearly zero current.  A significant 
drawback to implementing MEMS in a design is the question of reliability.  
Due to the device containing moving parts which in some cases come into 
physical contact with each other, MEMS have a host of failure mechanisms not 
present in either PIN diodes or varactor diodes [54-57].  Additionally, MEMS 
are commonly monolithically integrated directly onto the antenna traces [44, 
47-48, 50-51, 53].  While convenient for smaller specimens, monolithi c 
integration is not feasible under structural antenna design constraints.  The 
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cost involved with attempting to microfabricate MEMS on a 10’s of sq -ft large 
area of aircraft skin laminate would be prohibitive, if the fabrication was even 
technically feasible to begin with.  
An alternative to monolithic fabrication of MEMS devices was made 
commercially available by Radant MEMS, Inc. in the form of an individually 
hermetically sealed package, cantilever beam MEMS chip [58].  The Radant 
series of MEMS devices claim low insertion loss (0.24dB @ 2.4 GHz) and high 
isolation (27 dB @ 2.4 GHz) with a long lifetime (> 100 billion cycles @ 
30dBm).  These devices have been successfully demonstrated to work for 
reconfigurable antenna designs [49, 52] as well as a 25,000  MEMS device 
electronically steerable antenna array [59].  The Radant chip opens the 
possibility for us to integrate a MEMS device with our designs without needing 
to microfabricate devices on unconventionally large substrates.  
Conformal Load Bearing Antenna Structure (CLAS) [60-61] concepts 
merge the antenna with its surrounding structural environment resulting in a 
single article which fulfills the loadbearing requirements of the structure while 
also providing the radiation property requirements of the mi ssion. This concept 
provides a solution with significantly reduced weight and drag values over 
conventional parasitic antenna integration schemes.  The integration efficiency 
of CLAS enables an air vehicle to host unconventionally large antenna leading 
to increased antenna performance potential.  However, the CLAS concept of 
antenna design does not allow for Rogers or other low loss Teflon based 
dielectrics to be used as the antenna substrates due to Teflon’s lack of 
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suitability for structural bonding and its lack of structural stiffness.  The 
antenna substrates are therefore limited to fiberglass, Kevlar, or other materials 
which are suitable for use in fabricating structural panels.  
1.2 Contributions 
This dissertation presents a pixelated, MEMS frequency reconfigurable, 
conformal, wideband patch antenna for L-band; a fully structural MEMS 
frequency reconfigurable, conformal, wideband patch antenna for L-band with 
additively manufactured conducting traces; a varactor diode frequency 
reconfigurable, conformal, wideband CLAS patch antenna for UHF; a UHF 
array antenna with the UHF pixel patch as the base element suitable for 
structural integration. Both the L-band and UHF designs proposed here are 
designed and fabricated as part of a structural material environm ent and have 
wide ranging applications, such as radar, cognitive radio communications, and 
satellite communications.  
The first contribution is the MEMS frequency reconfigurable conformal 
wideband pixel patch antenna for CLAS which functions in the 1 -2 GHz 
frequency range.  To the best of our knowledge, the patch antenna element 
achieves an unprecedented combination of gain and bandwidth for a patch 
antenna of similar electrical thickness.  Additionally, novel fabrication 
techniques were developed to enable  a low-cost fabrication procedures which 
do not require specialized micro-fabrication facilities.  The patch antenna 
element consists of an aperture fed patch antenna with a microstrip 
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transmission line feed.  Both the patch and the feedline are frequency 
reconfigurable to three distinct states through the use of MEMS.  These three 
reconfiguration states correspond to three separate but overlapping frequency 
bands which cover a range of frequencies much wider than what is typically 
possible for a patch antenna without allowing the thickness of the coupon to 
grow.  Measured impedance and gain data are presented for a fully functioning 
prototype pixel patch antenna with MEMS installed.  
The second contribution builds on the L−band MEMS reconfigurable 
pixel patch antenna by demonstrating a fully functioning structurally 
integrated antenna with additively manufactured conducting traces.  The 
resulting specimen is the embodiment of the CLAS concept, with no portion of 
the fabrication unable to be applied to unconventionally large and curved 
surfaces.  Measured impedance and radiation pattern data with functioning 
MEMS are presented and show a marked improvement over previous 
specimens.  
The third contribution is a varactor diode reconfigurable, conformal and 
wideband patch antenna functioning in the UHF band and suitable for CLAS.  
This design is similar to that of the L-band patch antenna, except with the scale 
of the geometry, switching device, and the DC biasing scheme altered resulting 
in an even greater percent bandwidth.  The UHF pixel patch element functions 
in the 400-800 MHz range with four separate but overlapping frequency bands 
reconfigurable through the use of varactor diodes.   Analysis through simulation 
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along with measured impedance data for multiple experimental specimens are 
presented. 
The final contribution is a conformal, wideband scanning phased array 
incorporating the varactor reconfigurable UHF pixel pat ch.  Simulated results 
detailing the design procedure for the array are presented, followed by a fully 
functioning six element experimental specimen with over one thousand 
varactor diodes.  Measured results including gain and radiation pattern data are 
presented and show a wideband phased array on an electrically thin coupon 




L-BAND MEMS RECONFIGURABLE PIXEL PATCH ANTENNA
2.1  Introduction 
As indicated, the first focus of this work is on developing RF MEMS 
reconfigurable, directional, and conformal patch antennas which are fully 
integrated as part of a structural environment.  Traditionally, antenna 
researchers favor substrates such as Duroid 5880 or RO4003 over fiberglass 
substrates (FR4) due to their superior homogeneity and lower loss 
characteristics.  Considering a structural environment however, these materials 
are not suitable; both from the difficulty associated with bonding other 
materials to that material as well as the lack of structural stiffness that is 
required from materials that are to be used in fabricating a  structure.  Neither 
are the conventional methods of integrating RF MEMS devices and passives 
(wire bonding, soldering etc.) suitable for a structural environment.  The 
complication and cost associated with wire-bonding on an unconventionally 
large substrate would prove prohibitive if the fabrication was at all feasible.  
Additionally, there exist concerns from a structural application  viewpoint as 
to the durability of the bond wires used in the wire -bonding process when 
subjected to repeated vibration and stress−strain experiments.   
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Our work uses FR4 substrates rather than the more RF favorable 
materials.  FR4 serves as a reasonable e lectrical approximation of the structural 
fiberglass laminates which are used to create structural coupons.  We also use 
the layers of structural epoxy and structural foam core material which are 
required for the bonding process.  Our own laboratory measurements have 
shown that FR4 and fiberglass (E-glass epoxy) have the same dielectric 
constant (4.4) and loss tangent (0.02). Since FR4 is readily available with 
copper on both sides and is easy and low cost to etch and gold plate it was 
selected to fabricate our antenna. Notwithstanding that the same antenna and 
all its feed and DC bias traces can be fabricated on structural fiberglass 
laminates using additive manufacturing techniques such as deposition of 
conductors using plasma spray. Such techniques have been shown to deposit 
conductors as thick as 100 microns and be suitable for gold plating afterwards 
to prevent corrosion. To avoid the high cost associated with such fabrication 
we chose to use copper-clad FR4 instead. 
Also in this work, the RF MEMS devices will be installed using an 
unconventional inverted-chip method where electrical connections will be 
established using conductive epoxy which eliminates the need for ultra -thin (1-
2 mil diameter) bond-wires. 
2.2 Antenna Configuration, Materials and Fabrication 
The proposed reconfigurable pixelated antenna requires three substrates.  
A fiberglass skin material is also needed that functions as the OML (Outer 
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Mold Line) for the structure. However, for the purpose of this work the OML 
material will not be studied and built. The interested readers can consult our 
previous work on that [63].  
        
  
Fig. 2.1 illustrates the antenna stackup.  Fig. 2.2(b) shows the antenna 
structure with the DC bias wire routing shown in red.  Fig. 2.2(a) is an overlay 
showing the alignment of the different features of the antenna.  The firs t 
substrate from the bottom of the antenna is a 1.6mm thick FR4 ( 𝑟=4.4, 
tan𝛿=0.02) panel with details shown in Fig. 2.3.  The bottom side of this 
substrate contains a microstrip feedline, two RF MEMS switches, three 40kΩ 
DC bias resistors, and associated DC bias traces to provide 90V and ground 
connection for the RF MEMS, and two tuning stubs.  The upper surface of this 
substrate contains the antenna ground plane with a 45mm by 4.5mm coupling 
slot which is centered at the center of the ground plane substrate.  The ground 

















left for the slot.  The antenna will be excited through an end -launch SMA 
connector feeding the 50Ω microstrip feedline which is located on this 
substrate. 
The second substrate is the foam core which maintains the separation 
between the ground plane and the patch substrate.  The foam core is 17mm 
 
Figure 2.2 Alignment of the radiating slot to the feedline and pixel with DC bias wiring 
shown in red: (a) top down view showing all layers with the connection points for the DC 
bias wires annotated in red, (b) side view of antenna. 
  
DC Bias Wire Connection Points 
(b) (a) 
 
Figure 2.3 Ground plane substrate trace dimensions in millimeters: (a) Upper surface of 
substrate with ground plane and radiating cavity, (b) underside of substrate with feedline, 






















thick Rohacell WF 51 ( 𝑟=1.06, tan𝛿=0.0003) structural, closed cell foam.  The 
foam fills temperature and compression rating requirements brought about by 
the need to autoclave cure the structural specimen.  The foam core is bounded 
on the upper and lower surface by thin (1-2 mil) layers of structural epoxy 
which adheres the foam core to the ground plane and patch substrates.  Our 
simulation analysis neglects to include these layers of structural epoxy due to 
their very small thickness.  
Above the foam core is the third substrate, termed the Patch Substrate 
which is shown in Fig. 2.4. 
  
This panel is 0.4mm thick FR4 ( 𝑟=4.4, tan𝛿=0.02).  The upper surface of the 
Patch Substrate contains the pixelated patch antenna traces, thirty-six MEMS, 
five 40kΩ DC bias resistors, gate pad traces to provide 90V to the MEMS, and 
two ground pads.  The lower surface of this substrate contains four  DC busbars 
used for supplying 90V to the gate pad traces, as well as one DC ground busbar 
 
Figure. 2.4 Pixel patch substrate trace dimensions (in millimeters): (a) Upper surface of 
substrate with pixel patch traces, (b) underside of substrate with DC busbars, (c) area of 
pixel patch showing traces in the vicinity of the MEMS pocket, (d) view of MEMS chip 
resting in pocket. 
 
 
(c) (a) (b) 
 
 
















which connects the two ground pads.  The pixel patch is centered at the same 
location on the horizontal plane as the coupling slot.  
Frequency reconfiguration will occur through altering the length of the 
pixel patch and feedline to achieve multiple distinct but overlapping frequency 
bands (see Fig. 2.5).  
 
The pixelated patch is 𝑛 conductive pixels along the width, and 𝑚 conductive 
pixels along the length.  For this work we consider 𝑚=11 and 𝑛=9.  Also, for 
this work the pixels are 5mm square and separated on all sides by 2.5mm.  The 
inner 9×7 pixels are all permanently connected to each other by 1mm wide 
bridges which span the 2.5mm gap between pixels.  Observing Fig. 2.5, it can 
be seen that the rows labeled Row 1−4 are not connected to the inner 9×7 grid 
 
Figure 2.5 The three reconfiguration states for the pixel patch and feedline with active 


















of pixels.  These four rows contain the reconfigurable elements of the pixel 
patch and are connected to the central section of pixels through RF MEMS 
switches.  Rows 1 and 2 are referred to as the two inner rows and are required 
to achieve both the Midband and Lowband reconfiguration states.  Rows 3 and 
4 are referred to as the two outer rows and are required for th e Lowband state 
only.  Each pixel along the width of rows 1 and 2 is connected to the adjacent 
pixel in the central 9×7 section of pixels through one RF MEMS switch.  
Similarly, each pixel along the width of rows 3 and 4 is connected to the 
adjacent pixel of rows 1 and 2 through one MEMS switch.  Thus, four rows of 
MEMS, each with 9 MEMS in a row, make up the complement of 36 MEMS 
present on the pixel patch substrate.  
The microstrip feedline contains two tuning stubs in addition to the base 
stub provided from the feedline.  These stubs perform an important function of 
impedance tuning the antenna at its respective band.  Each frequency band for 
the pixel patch antenna has a corresponding configuration for the feedline 
which must be present for the antenna to  be properly impedance matched.  Two 
RF MEMS switches connect the two tuning stubs with  the microstrip line.  The 
Highband frequency band requires all RF MEMS to be in the OFF state.  
Closing the switch that connects the feedline to the first tuning stub h elps to 
match the Midband configuration.  Closing both RF MEMS switches 
simultaneously helps to match the Lowband.   The dimensions of the different 




As mentioned previously, the typical method of gold plating the antenna 
traces and wire bonding the MEMS in place was found to be unfeasible due to 
concerns over the physical durability of the wire bonds and difficulties 
anticipated with wire-bonding structural panels.  Equally unfeasible is the 
possibility of monolithically integrating RF MEMS switches onto our antenna 
traces for similar reasons which make wire bonding unsuitable.  We chose a 
solution to this quandary in the form of a commercially available RF MEMS 
switch in a hermetically sealed packaged chip from the Radant MEMS company 
(model RMSW101).  Using this device, we developed a completely non -
traditional and innovative method of electrically connecting RF MEMS 
switches to antenna traces.  
Our method of installing the RF MEMS chips i s based off of the flip 
chip method which is well known.  However, to our knowledge this method 
has never before been applied to a RF MEMS device and presents a new low-
cost option for integrating RF MEMS switches with a design.  The general idea 
of the method is shown in Fig. 2.6.   A small amount of conductive epoxy is 
applied directly to the gate, drain, and source contacts of the RMSW101 chip.  
The chip is then inverted and placed on the antenna such that the contact pads 
Table 2.1.  Reconfiguration States of Pixel Patch Antenna 
 
 L W L W Stub Length Bandwidth 
 (Pixels) (Pixels) (mm) (mm) (mm) (GHz) 
Highband 7 9 50 65 6.4 1.5−1.9 
Midband 9 9 65 65 10 1.4−1.6 




of the chip rest directly on the appropriate pads of the antenna trace, separated 
only by the thin layer of conductive epoxy.  The RMSW101 device is intended 
by the manufacturer to have the switch ground plane be connected to the RF 
ground of the system.  However, our method neglects this connection and 
leaves the ground plane of the chip floating, with no observable detrimental 
effects. 
There are inherent fabrication challenges to this method of installation.  
To place the chip on the antenna trace in an inverted manner, a  pocket which 
fits the glass case of the RMSW101 must be created in the antenna substrate.  
The pocket is a relatively small feature with a length and width measuring 
1.2  × 0.8mm.  Furthermore, the pocket must be precisely located so that the 
contacts of the chip align correctly with the pads of the antenna trace to within 
approximately ± 0.1mm.  Due to the small feature size and precision required, 
it was found that the pocket was best created using an automated router to mill 











Figure 2.6 The RF MEMS switch and mounting method: (a) photograph of the RF 
MEMS switch chip from manufacturer, (b) pictorial description of the method of 
installation used in this work.  
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extreme care must be taken to assure proper indexing of the specimen on the 
router as even minor misalignments of pockets to antenna traces will render 
the specimen unusable.  However, regardless of the d ifficulties associated with 
creating the pocket, the fact that the chip can be successfully installed without 
wire bonding is of paramount importance.  This opens up a low-cost option for 
integrating RF MEMS switches with a design, which for reasons of siz e or 
material, may have been previously unviable.       
Voltage is supplied to the RF MEMS through the 4 DC busbars which 
are located on the underside of the patch substrate, with one busbar being 
connected to each of the RF MEMS devices in the respective row through a 
conducting via.  Utilizing the busbars in this way allows the entire complement 
of 36 RF MEMS to be controlled through a total of 5 DC bias wires attached 
to the pixel patch antenna.  One wire for each row of RF MEMS, and one 
ground wire which is connected to both ground pads through the DC ground 
busbar.  The connection points and general routing of the DC bias wires can 
be seen in Fig. 2.4(a) and (b).  Due to being electrically joined by the busbars, 
the individual MEMS in any one row cannot  be controlled individually.  There 
is only the ability to control the entirety of a single row individually.  
Undoubtedly, if each switch could be controlled independently, more 
opportunities for reconfiguration would be possible.  However, for this work a 
simpler approach was chosen due to other significant issues requiring 
investigation before a viable structurally integrated, reconfigurable antenna 
was possible.     
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The DC bias wires are routed straight downward from their connection 
point on the pixel patch through the patch substrate, foam core, ground plane, 
and ground plane substrate.  The wires emerge from the ground plane substrate 
at the locations circled in Fig. 2.3(b).  The ground wire from the pixel patch 
RF MEMS devices is then connected to the ground wire for the feedline RF 
MEMS device resulting in one DC ground common for the entire complement 
of RF MEMS on both the patch substrate and ground plane substrate.  The four 
DC voltage wires from the patch are then bundled together with the two DC 
voltage wires from the feedline and the antenna DC ground connection and 
routed to the edge of the coupon so that they can be connected to a 90V power 
supply.  
2.3 MEMS Performance 
The performance (insertion loss, isolation, return loss) of the MEMS 
when the devices are mounted in an inverted manner with electrical 
connections made with conductive epoxy is unconventional and is not well 
understood compared to their performance when wire bonded (well 
documented).  To get a clear understanding and comparison with wire bonded 
MEMS, several transmission line specimens with inverted MEMS switches 
were installed using conductive epoxy (EPO−TEK H20E, 𝜌 ≤ 0.0004  Ωcm 
from data sheet, cure condition: 120°C for 1 hour).  The S11 and S21 data vs 
frequency of the MEMS (ON and OFF) were then measured. A dummy 
transmission line was also fabricated and measured to unambiguously 
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determine the insertion loss due to the MEMS and the conductive epoxy.  Fig. 
2.7(a) shows what is termed the “dummy line.”  This is a 50 microstrip 
transmission line printed on a section of FR4 with a thickness that matches the 
material and thickness of the feedline and ground plane substrate for the 
antenna.  Fig. 2.7(b) is a second transmission line identical to the dummy line, 
except for the inclusion of two MEMS, two DC bias resistors, and four DC bias 
wires.  The MEMS are mounted using the inverted chip and conductive epoxy 
method intended for the pixel patch antenna.  The wires used to bias the MEMS 
are solid copper.  The four bias wires can be seen in Fig. 2.7(c) and (d). 
 
 
The insertion loss due to the MEMS was determined by first measuring 
the insertion loss for the “dummy line”, and then measuring the insertion loss 
for the 2-switch line. The insertion loss for the dummy line was then subtracted 










Figure 2.7 Photographs of the etched transmission line specimens: (a) etched dummy line, 
(b) 2 switch line with MEMS in place, (c) measurement setup, (d) DC bias wire 




to the two MEMS present on the 2-switch line.  The results of the experiment 
are shown in Fig. 2.8.  The RMSW101 datasheet provides the expectation of 
approximately 0.2 dB of insertion loss per MEMS in the 1 −2 GHz frequency 
range when wire bonded.  The insertion loss observed in our measurements is 
generally lower than specified in the datasheet, possibly because we have not 
used bond wires and made direct connections between the MEMS pads and the 
contact pad with a miniscule amount of conductive epoxy. Note that as the 
frequency increases to 2 GHz the insertion loss of our method of switch 
assembly becomes closer to the wire bonded method.  Regardless, the results 
of Fig. 2.8 provide evidence that our method of inverting the MEMS chip and 
making electrical connections with conductive epoxy is viable for fabricating 





Figure 2.8 Measured data from the etched transmission line specimens: (a) S21 for the 










2.4 Non-Structural Antenna 
This antenna is termed the “First Non-Structural Antenna” and was 
created using etched FR4 boards (ε r ~ 4.4) with 1 oz copper traces.  The patch 
substrate board measures 81mm x 67mm x 0.4mm and the ground plane 
substrate measures 453mm x 178 x 1.6mm.  An air gap of approximately 17mm 
separates the ground plane substrate from the patch substrate with small  foam 
spacers used to maintain separation and support the patch substrate.  The patch 
substrate board is not extremely rigid, and the foam spacers were cut out from 
a larger foam body by hand.  These two facts mean that the actual separation 
between the two substrates is not precisely 17mm, but rather17mm +/ - 1mm.  
Photographs of this specimen are shown in  Fig. 2.9. 
This specimen is configured with a total of 21 DC bias wires attached to 
the patch substrate rather than the originally intended 5 wires.  One copper 
wire is allocated for each gate pad trace on the patch substrate, allowing for 
individual control of 16 pairs of MEMS and 4 individual MEMS.  There is also 
a single ground wire which serves the entirety of the patch.  Due to 
uncertainties in the fabrication process during this point we experienced a 
greater than 50% rate of failure for installing the MEMS due to ESD events, 
unsatisfactory pockets, and other various errors during fabrication.  The 
addition of 1 bias wire for every gate pad trace provided a means to more 
effectively test the installed MEMS.  It was understood that the additional 
wires would negatively affect the tuning of the antenna, but the need to 
troubleshoot the MEMS was a stronger consideration.  This design choice 
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necessitated the removal of the positive voltage DC busbars on the underside 
of the patch substrate, which was done for this specimen.  
The MEMS pockets for this specimen were created by hand.  This was 
achieved with the use of a drill press, small file, and a small razor knife.  The 
creation of the pockets using these tools is an imprecise process and led to a 
portion of the pockets being unsuitable for MEMS installation.  As a result,  
this specimen was tested with 8 MEMS missing from the positions shown in 
Fig. 2.10. 
The measured S11 for the First Non-Structural Antenna is shown in Fig. 










Figure 2.9 Photographs of the First Non-Structural Antenna: (a) view of pixel patch above 
the ground plane supported by foam spacers, (b) view of 2 rows of MEMS installed on the 
pixel patch, (c) view of the feedline with MEMS and DC bias wires installed, (d) view of 




a dual band performance rather than the intended wideband response.  The 
Highband is resonant from approximately 1.46 to 1.48GHz and from 1.60 to 
1.67 GHz.  At no point does the Midband S11 satisfy the −10dB requirement, 
but a resonance below −6dB from 0.95 to 1.12 GHz is present.  The Lowband 
satisfies the −10dB requirement at  0.94 GHz with approximately 30MHz 
bandwidth. 
The S11 plot demonstrates frequency reconfiguration, with three 
frequency bands being apparent.  The most significant reconfiguration occurs 
 
 
Figure 2.10 Locations of the 8 MEMS missing from the First Non-Structural Antenna. 
 
 




between the Highband and Midband, along with a smaller but still defi nite 
reconfiguration between the Midband and Lowband.  However, none of the 
three bands show impedance matching which meets expectations.  The 
Midband is required to be shifted higher in frequency to cover the 1.2 to 1.4 
GHz range as well as have improved matching.  The Lowband reconfigured to 
the correct frequency range but is intended to have a bandwidth of 
approximately 100 MHz rather than 30MHz.   
This antenna was measured in a Satimo anechoic chamber for pattern 
and gain within the frequency range of 1 to 2 GHz.  Gain and efficiency versus 
frequency plots are shown in Fig. 2.14.  
Radiation patterns are shown in Fig. 2.13.  The radiation patterns show the E-
plane (red) and H-plane (blue) patterns for the antenna as measured at the 
frequency of maximum gain for each band.   Fig. 2.13 (a) shows the Highband 
at 1.42 GHz, Fig. 2.13(b) the Midband at 1.38GHz, and Fig. 2.13(c) the 






Figure 2.12 Measured gain from the First Non-Structural Antenna: (a) Gain vs. frequency, 





The measured results for the antenna show that even though the S11 
demonstrates frequency reconfiguration, the gain is less than desired.   This 
is because of the poor efficiency shown in Fig. 2.13(b).  This antenna was 
expected to maintain an efficiency of approximately -2 dB over its operating 
bandwidth.  However, the measured results show that the efficiency is worse 
than -3 dB for all frequencies with the Lowband being particularly inefficient 
with its best efficiency being slightly better than -8 dB at 1.36 GHz.    
Of positive note for this antenna is the observation that although the 
efficiency and impedance matching are poor for all frequency bands, each band 
still has positive gain as shown in Fig. 2.13(a).  At -8 dB efficiency, the 
Lowband provides 2 dB of gain.  At -3.5 dB efficiency, the Midband provides 
5 dB of gain at a point where the S11 magnitude is approximately -5dB.  These 
observations indicate that if the Lowband efficiency and overall impedance 
matching can be improved, the antenna will provide gain magnitudes of 












Measured S11 data demonstrated frequency reconfiguration in 3 bands, 
with all bands showing positive gain values.  The Highband and Midband 
achieved gain values of 5 dB, while the Lowband achieved above 2dB of gain.  
However, none of the reconfiguration states demonstrated S11 bandwidth 
acceptable to the project goals.  
2.5 First Structural Antenna 
The second antenna fabricated is termed the “First Structural Coupon” 
and is shown in Fig. 2.14. 
 
The antenna coupon measures 178 × 470 × 19 mm and is comprised of the 
0.4mm thick patch substrate, 17mm thick Rohacell WF 51 ( 𝑟= 1.06, tan𝛿 = 
0.0003 @ 2.5GHz) foam core, and 1.6mm thick ground plane substrate.  There 
is also a layer of structural epoxy between the patch substrate and foam core, 






Figure 2.14 Photographs of the First Structural Coupon: (a) S11 measurement arrangement 




structural epoxy is of negligible thickness (t~2mil) and is necessary to bond 
the individual layers of the structure together into a coupon.  
The antenna artwork is identical to that of the previous non -structural 
specimen, and once again was etched.  The antenna substrates remain FR4 
( 𝑟~4.4), however the substrate panels used for this specimen are not of the 
same batch as the previous specimen and so may have marginally different 
dielectric properties.  The ground plane is solid copper and spans the entire 
area of the coupon with the exception of where the slot is located.  
Originally it was planned for all specimens following the previous non -
structural specimen to use only 5 DC bias wires to control the MEMS as per 
the original design.  However, the MEMS placement techniques were still not 
well refined for this specimen, so the decision was made to again control the 
MEMS with 21 DC bias wires to aid in  troubleshooting.  To simplify and reduce 
risk to the process of connecting the DC bias wires to the DC power su pply, a 
switch board was fabricated to minimize handling of the bias wiring.  The 
switch board is visible in the figure and consists of 22 mechanical toggle 
switches mounted on top of a FR4 board with tr aces running along the 
underside.  These traces connect the toggle switches to a connector on the edge 
of the board.  The antenna bias wires can then plug into the switch board using 
a 25 pin Molex connector.  The edge of the switch board opposite the DC bias 
wires has connectors for the power supply.  The result is that once connected; 
only the switch board must be handled to change antenna states, reducing the 
risk of an ESD event due to handling the DC bias wires.  Fabrication 
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complications rendered a small number of the pockets unsuitable to MEMS 




The inconsistent separation between the patch substrate and groundplane 
substrate that was a concern for the First Non-Structural Antenna was solved 
by constructing the antenna on the structural coupon.  The high pressures 
applied to the coupon during the bonding process eliminated any possibility 
for these to be variations in the substrate separation.  The t rade-off for this 
improvement is that instead of an air gap separating the patch substrate from 
groundplane substrate, there is the Rohacell foam core which has a higher loss 
tangent and dielectric constant than air and will likely produce a small 
frequency shift. 
The measured S11 for the First Structural Coupon is shown in Fig. 
2.16(a), with Fig. 2.16(b) showing the same data formatted to better 
differentiate the 3 reconfiguration states.  It is immediately observable that the 
S11 improved in both resonance magnitude and bandwidth.  The Highband is 
below −10dB from approximately 1.7 GHz to 2.05 GHz for  a bandwidth of 350 
MHz.  The Midband is nearly resonant from 1.4 −1.7 GHz, with only a small 
 
 
Figure 2.15 Location of MEMS missing on the First Structural Coupon. 
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gap in the S11 at 1.53 GHz.  Ignoring the deficiency at 1.53 GHz, the Midband 
has a −10dB bandwidth of 300 MHz.  The Lowband is resonant from 1.04 −1.4 
GHz, for a bandwidth of nearly 400 MHz. 
Taken at face value, these S11 plots would seem to indicate a great 
success.  However, the measured results show that both the Midband and the 
Lowband have very close to a 700 MHz bandwidth at −10 dB.  This is clearly 
far too optimistic of a result, and it is obvious that these bands are 
demonstrating a very large amount of loss.  The 350 MHz bandwidth for the 
Highband is a more realistic result  and provides the expectation that it is 
working as intended. 
The antenna patterns and gain were measured inside a Satimo chamber.  






Figure 2.16 Measured S11 for the First Structural Coupon: (a) Each reconfiguration state 
measured from 1 – 2 GHz, (b) data formatted to remove frequency points outside the 
intended range for each reconfiguration state.  
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Fig. 2.17 shows the E-plane (red) and H-plane (blue) patterns for the antenna 
as measured at the frequency of maximum gain.  
A clear reconfiguration between the Highband and Midband is 
observable in both the gain and efficiency plots of Fig. 2.18.  The peak gain 
for the Highband occurs at 1.9 GHz with a value of 4 dB.  The Midband peak 
gain occurs lower in frequency at 1.62 GHz with a value of 4 dB.  This is a 








Figure 2.17 Measured radiation patterns from the First Structural Coupon:  (a) Highband 
at 1.90 GHz with E-plane shown in red, (b) Midband at 1.64 GHz with E-plane shown in 
red, (c) Lowband at 1.50 GHz with E-plane shown in red.  E-plane in red, H-plane in blue 






Figure 2.18 Measured gain and efficiency from the First Structural Coupon: (a) Gain vs. 
frequency, (b) Efficiency vs. frequency.  
32 
 
reconfiguration was observable in the gain or efficiency plots.  However, there 
is little evidence present in the gain or efficiency plots to indicate a 
reconfiguration between the Midband and Lowband.  The Midband is 
approximately 1 dB more efficient than the Lowband  between 1.66 and 1.76 
GHz, but outside of that narrow frequency range the efficiency for the two 
bands is nearly identical.  
Gain for the Highband is less than desired.  It is expected for the 
Highband to achieve a peak gain of upwards of 7 dB, with a 5 dB gain 
bandwidth of approximately 350 MHz.  The Highband for this specimen 
achieves only a 4dB peak gain, with even the 2 dB gain bandwidth being merely 
140 MHz.  The Midband peak gain is 1 to 2 dB less than what is expected 
which might be attributable to the presence of conducting epoxy used to mount 
the switches.  However, the Midband only achieves 4 dB of gai n at 2 discrete 
points with 0 MHz of bandwidth at 4 dB.  From a gain standpoint, the specimen 
can only really be said to function from 1.64 to 1.90 GHz where gain values 
approach 4 dB.  Even in this narrow frequency range, there are frequencies 
where the gain decreases to values below 3 dB.  The frequencies around 1.78 
GHz are an especial problem area for which the gain falls off to almost 0 dB.  
While this antenna does provide some improvements over the first non -
structural antenna, it has significant flaws and does not satisfy the objectives.  
Of the potential causes of failure present in the “First Non -Structural 
Antenna”, the only cause that was adequately addres sed was the variability in 
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patch substrate height.  The concerns involving the 21 DC bias wires  and 
reliability of the MEMS still exist in this specimen.  
2.6 Discussion on MEMS Placement 
The fabrication of both the “Non-Structural Antenna” and the “First 
Structural Antenna” specimens suffered from excessively high MEMS failures 
during the MEMS instrumentation process.  A small fraction of the failures 
were due to what are best referred to as accidents.  These failures would include 
MEMS slipping out of tweezers and being lost, chipping of the MEMS case 
during installation, etc.  One or two of these failures are expected during the 
construction of a pixelated patch antenna and are considered unfortunate, but 
ultimately negligible losses.  The vast majority o f MEMS failures were 
attributable to either ESD events or incorrect application of conductive epoxy.  
These two problems created what at times seemed an insurmountable obstacle, 
and it was only after solutions to these problems had been found that further 
progress on the project was possible.  
A. Electrostatic Discharge Control 
 The easier of the two problems to solve was the issue of ESD 
events damaging the MEMS devices.  The “First Non -Structural Antenna” was 
created before we completely understood the measures needed to safely install 
the MEMS using our unorthodox method, and ESD events were the primary 
reason the number of MEMS damaged during fabrication was so high.  To 
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resolve the problem of ESD events destroying MEMS, we developed a set of 
conditions and equipment that must be satisfied for MEMS instrumentation to 
occur.   
When ESD events are referred to in this work, they mean specifically 
that an electrostatic potential greater than 100V has interacted with the MEMS 
and caused the internal cantilever beam to become stuck in the closed position 
due to stiction.  There are perhaps other aspects of ESD damage possible, but 
the problem of stiction was one which was reoccurring and easily identifiable.  
This problem is especially troubling due to the design  of the pixel patch 
antenna.  ESD events occur generally through the DC bias wires coming into 
close contact with an object which has an electrostatic potential.  These wires 
are grouped together so that electrical connections can easily be made to the 
power supply.  However, this grouping of the wires dictates that an ESD event 
which affects one DC bias wire will generally affect several wires resulting in 
several MEMS being lost to any one ESD event.  The problem is exacerbated 
further due to the pixels in a row all being connected.  If an ESD event has  
occurred damaging at least one MEMS due to stiction, it is possible to identify 
the problem with a continuity check.  With no voltage supplied to the MEMS, 
all MEMS should all be acting as open switches.  A continuity check performed 
across a row of MEMS should thus fail.  If the continuity check does not fail 
when there is no voltage being supplied to the MEMS, then an ESD event has 
occurred and at least 1 MEMS in that row will have to be replaced.  
Unfortunately, it is not possible to be more specific in the troubleshooting than 
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determining that at least 1 MEMS in a row has failed, as any 1 MEMS failing 
due to stiction causes the entire row to show as a short circuit.  The corrective 
action then becomes to begin replacing MEMS in the damaged row one by one, 
until a continuity check no longer shows any switches in a row as being closed.  
It is not possible to determine which MEMS are damaged and which MEMS 
are working.  In worst case scenarios, all 9 MEMS in a row require replacing 
to break continuity, yet exactly how many and which specific MEMS actually 
failed cannot be determined.    
The following equipment and procedures were used to combat the ESD 
problem.  All work with MEMS, or on the antenna specimens with MEMS 
installed, occurred on a grounded ESD safe surface with personnel grounded 
through a wrist strap.  An ionizer was positioned approximately 3 feet away 
from the work area and directed to continuously create a de -ionizing air flow 
onto the work area for all fabrication steps involving MEMS.  Additionally, a 
grounded ESD safe smock was worn at all times while working with MEMS.  
When the specimen needed to be placed in an oven, ESD safe gloves were worn 
while transporting the antenna to the oven and no traces or wires were allowed 
to contact any object during transport.      
Despite the equipment listed above, ESD events were still common, and 
it was not until we imposed relative humidity requirements along with the 
above equipment that the ESD problem was solved.  Through trial and error, 
we found that ESD events were unavoidable at relative humidity of 40% or 
below.  Under no circumstances should work with MEMS be conducted under 
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those humidity conditions.  Relative humidity between 40% - 50% made ESD 
events far less common; however rare incidents were recorded for this relative 
humidity range and working with MEMS for these humidity values was 
avoided.  At relative humidity values of above 50%, no ESD events were 
encountered.  However, when possible,  relative humidity values between 60% 
- 70% were preferred to provide as much of a safety margin as possible.  
The combination of equipment and humidity solved the problem of ESD 
events.  These guidelines were not in place during the fabrication of the “Fi rst 
Non-Structural Antenna” specimen, and as a result that specimen suffered 
significant MEMS losses due to ESD events causing stiction.  During the 
construction of the “First Structural Coupon” specimen, these guidelines were 
being refined.  This specimen suffered some, but far fewer ESD related losses.  
For antennas subsequent to the “First Structural Coupon” these ESD 
precautions were in place and actively followed.  Subsequent antennas 
experienced 0 losses to MEMS due to ESD events.  
B. Conductive Epoxy Application 
The second problem which contributed to MEMS failures is the process 
of installing the MEMS using conductive epoxy rather than the typical wire 
bonding method.  With the ESD problem, while it was more difficult to manage 
than we originally anticipated, it was foreseeable that we would encounter the 
ESD obstacle and we were prepared to develop a procedure given the available 
equipment and facilities to handle it.  The conductive epoxy obstacle on the 
37 
 
other hand was completely unexpected, creating problems which were of 
research-halting significance yet difficult to attribute to a cause.  It was only 
through many iterations of destructive testing that the approximate cause of 
the problems was identified.  
Fig. 2.19 shows the circuit diagram for a single MEMS and the 
associated bias circuit.  
 
 
For our case, VG=90V and RS=RD=40kΩ.  One of the advantages to using 
MEMS is that MEMS dissipate very close to 0W of power in the biasing circuit.  
90V is applied to the gate pad of the MEMS, but since there is no physical 
connection within the MEMS device from the gate to either the drain or source 
terminals, there is no current flow into the gate terminal  from the power supply.  
The difference in potential between the gate terminal and the source terminal 
creates the electrostatic field within the device.  This electrostatic field in turn 
applies a force to the internal cantilever beam with a large enough magnitude 














required voltage as 90V between gate and source to activate the MEMS.  In 
practice, we found that voltages as low as 70V were sufficient to fully activate 
the devices. 
Given the above high-level explanation of how the MEMS device works, 
the voltage across the resistors is implicitly known.  If there is no physical 
connection between gate to source or gate to drain, there will be no current 
flow.  If there is no current flow, there can be no voltage drop across the 
resistors.  Under no circumstances should it ever be possible to measure 
voltage from the drain terminal or source terminal of the MEMS and obtain a 
value greater in magnitude than zero if all that is connected to the MEMS is 
the DC bias circuit.  
Table 2.2 shows a number of voltage measurements taken across the 
source terminal bias resistor as the “First Structural Coupon” was being 
fabricated.  Since this antenna was instrumented with 21 DC bias wires 
attached to the patch substrate, voltage could be supplied to individual pairs 
of MEMS to allow for voltage measurements across the source resistor for only 
that pair of MEMS.  The MEMS were instrumented such that only 1 MEMS 
from any pair of MEMS was mounted simultaneously.  This was done so that 
a voltage measurement could be taken for switch 2 in a given row for example, 
then switch 3 could be mounted and measurements taken for switch 2 & 3.  In 
the above example, there would be no way to check the voltage of switch 3 in 
isolation, only as a member of the pair of switches 2 & 3.  However, it can be 
inferred that if switch 2 measured in isolation drops 9 volts across the source 
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resistor and switches 2 & 3 measured together drop 15 volts across the source 
resistor, then switch 3 is responsible for the 6V increase.  This procedure was 
followed until all switches in all rows were instrumented.  90V was then 
supplied to all MEMS in the two inner rows as required for the Midband 
configuration, and the voltage across the source resistor measured.  Lastly, all 
MEMS in all rows were activated as required by the Lowband configuration 
and once again the voltage across the source resistor measured.  A separate 
Row 1 VRS (V) I (mA) Row 2 VRS (V) I (mA) 
Switch 1 8 0.4 Switch 1 7.3 0.3 
2 9 0.5 2 27 1.6 
2 & 3 15 1 2 & 3 30 2.1 
4 9.9 0.5 4 8.6 0.4 
4 & 5 13 0.9 4 & 5 26 1.8 
6 8.4 0.5 6 8.5 0.5 
6 & 7 15.2 1 6 & 7 13.4 0.8 
8 9.1 0.5 8 7.4 0.4 
9 No Gate Pad 8 & 9 23.5 1.6 
Totals with Row 1 & 2 Active: 54.5V 5.7mA 
Row 3 VRS (V) I (mA) Row 4 VRS (V) I (mA) 
Switch 1 2.6  Switch 1 5.7 0 
2 0.3 0 2 3 0 
2 & 3 7 0.3 2 & 3 3 0 
4 7.5 0.4 4 7 0.3 
4 & 5 12.5 0.7 4 & 5 13.5 0.7 
6 8.5 0.4 6 
No Gate Pad 
6 & 7 14.5 0.8 6 & 7 
8 7 0.4 8 9.8 0.5 
8 & 9 14 0.8 8 & 9 16.9 0.9 
Total with All Rows Active: 60.5V 8.5mA 
 




measurement to obtain the current values was not used.  The currents listed in 
Table 2.2 are simply the current reading from the power supply digital display.  
It is immediately apparent from Table 2.2 that far from being lossless, 
the biasing of the MEMS causes as much as 0.5W to be dissipated in the bias 
resistors.  While obviously far from ideal, the power dissipation in the resistors 
was not the most significant effect from this voltage drop phenomena.  The 
fact that there exists a large voltage across the source resistor means that the 
MEMS internal cantilever will not be able to close as required.  In this case, 
VGS ≠ VG, but rather VGS = VG − VS.  In the worst case of applying voltage to 
all MEMS for the Lowband configuration, the resulting gate to source voltage 
is VGS = 30V.  30V is simply an insufficient voltage difference to successfully 
activate the MEMS.  In the case of the values from Table 2.2, both the Midband 
and the Lowband configuration produced voltage drops  across the source 
resistor of such magnitude that the MEMS could not function with only 90V 
applied to the gate pads.  
In the case of the “First Structural Coupon”, a temporary solution was 
found in increasing the supply voltage until V GS = 90V.  For the “First 
Structural Coupon”, obtaining VGS = 90V required the source voltage to be set 
to 150V.  This is the technique which was used to power the specimen during 
gain and pattern testing.  As discussed earlier, this solution appears to have 
gotten the Midband to function, but the Lowband probably did not operate 
using this temporary fix.  Regardless, being required to supply 150V to devices 
which are intended to operate with 90V supply and have an absolute maximum 
41 
 
voltage rating of 110V is unacceptable.  It thus became th e highest priority 
task to identify the cause of this voltage drop phenomena and develop a 
solution.  
After many iterations of mounting MEMS with our peculiar method, we 
found that it was in fact the conductive epoxy causing the MEMS to draw 
current.  Specifically, when too large of an amount of conductive epoxy is used 
to mount the MEMS, the MEMS will begin to have a current flow through the 
gate terminal.  The current then flows out of the drain and source resistors 
creating the voltage drop.  The exact mechanism creating the current flow is 
not well understood.  However, it is empirically known that the amount of 
current through the MEMS is a function of how much conductive epoxy is used 
to mount the MEMS.  It has also been observed that if the correct am ount of 
epoxy is used, the MEMS will function as intended with no current draw 
through the gate terminal.  
Fig. 2.20 shows a graphical representation of an acceptable amount of 
conductive epoxy.  If these guidelines are followed, MEMS can be 
instrumented successfully without any current draw or voltage drop across the 
resistors.  In practice, following these guidelines can prove non -trivial.  
Applying such small quantities of conductive epoxy by hand is a very real 
challenge, and one which is compounded by there being very little margin for 
error in the amount of conductive epoxy which can be applied.  Fig. 2.21 show 
two MEMS after removal from their mounting on a transmission line test 
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specimen.  The MEMS in Fig. 2.21(a) was one which had too large of an 
amount of conductive epoxy applied, resulting in a voltage drop of several 
volts across the source and drain resistors.  The MEMS in Fig. 2.21(b) has the 
correct amount of epoxy applied and operated perfectly on the transmission 
 
Figure 2.20  Graphical representations showing the correct amount of conductive epoxy 
to use during MEMS instrumentation: (a) drawing showing a top down view of epoxy dots 
relative to MEMS contact pads with dimensions in mm, (b) 3 dimensional drawing 










Figure 2.21 Images of conductive epoxy on the MEMS contacts: (a) MEMS with a non-
zeros voltage drop across the DC bias resistors, (b) MEMS with correct epoxy resulting in 





line with no current draw or voltage drop across the bias resistors.  Comparing 
the two photographs, it can be observed that certainly the drain contact in Fig. 
2.21(a) has more epoxy present than the drain contact in Fig. 2.21(b).  Also, 
the gate contact appears to have slightly more epoxy present as well.  However, 
considering the size of the MEMS contacts, the difference in epoxy visible on 
the contacts is very small from a practical standpoint.  This serves to illustrate 
the challenging nature of the problem, and how even when the correct solution 
became known, it remains a challenge from a practical standpoint to implement 
successfully. 
To summarize, the two antenna specimens presented up to this point both 
have had problems which caused consistent MEMS failures during construction 
and testing.  The “First Non-Stuctural Antenna” suffered MEMS losses from 
ESD events and was also affected by a lack of understanding of how  to apply 
the conductive epoxy.  Approximately half of all MEMS instrumented for this 
specimen were destroyed due to ESD events, and the final specimen did not 
meet expectations from a gain and bandwidth standpoint.  For the “First 
Structural Coupon” specimen, the ESD problem was solved, but the conductive 
epoxy problem rendered the specimen almost unusable as shown in Table 2.2.  
This specimen did not meet performance expectations, but far fewer MEMS 
were expended to reach a finished article, which is an improvement.  Antennas 
subsequent to the “First Structural Coupon” were built under conditions for 
which the ESD problem had been solved, and the conductive epoxy problem 
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was better understood.  For these antennas we can be confident that all MEMS 
are working as intended and are not the cause of any performance deficiencies.  
2.7 Second Structural Antenna 
Photographs of the third prototype antenna are shown in Fig. 2 .22. 
 
This antenna is identical to the First Structural coupon in artwork and 
materials.  The significant difference between this specimen and the previous 
two prototype antennas is an increased confidence in MEMS installation 










Figure 2.22 Photographs of the Second Structural Coupon: (a) The Second Structural 
Coupon connected to switch board, (b) the pixelated patch with MEMS installed, (c) the 





first to be implemented with the originally intended five DC bias wires 
connecting to the pixel patch traces.  
The measured results for the experimental prototype are shown in Fig. 
2.23 and Fig. 2.24. 
 
The S11 was measured in-house.  The gain and radiation pattern data were 
measured in a Satimo anechoic chamber.  The S11 of Fig. 2.23 shows the 
antenna demonstrating reconfiguration in three frequency bands, with the 
Highband having excellent performance.  However, both the Midband and the 
Lowband appear to have a problem with impedance matching to 50Ω.  Neither 
band has the S11 magnitude or bandwidth expected.  
The measured gain and efficiency plots shown in Fig. 2.24 illustrate that 
frequency reconfiguration is occurring, yet the Highband is the only 
reconfiguration state which is approaching the desired functionality.  The 
Lowband in particular is demonstrating aberrant behavior, only achieving g ain 
values which are distinctly different from the Midband response  at 3 frequency 
points: 1.06 GHz, 0.9 GHz, and 0.82 GHz.  The radiation patterns of Fig. 2.25 
 
 


















Figure 2.25 Measured radiation patterns from the Second Structural Coupon: (a) Highband 
at 1.56 GHz, (b) Midband 1.30 GHz, (c) Lowband at 1.26 GHz, (d) Lowband at 1.06 GHz, 






Figure 2.24 Measured gain  and efficiency plots from the Second Structural Coupon: (a) 
Gain vs. frequency, (b) Efficiency vs. frequency.  
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Furthermore, examination of the radiation patterns for the Lowband at the 
frequency points shown in Fig. 2.25(d)−Fig. 2.25(f) show that the gain maxima 
for the Lowband are not a result of the pixel patch antenna operating as a patch 
antenna.  Those radiation patterns are far too deformed and not directional or  
broadside to any extent.   
2.8 Performance Deficiency Due to DC Bias Wiring 
The prototype antennas, while demonstrating frequency reconfiguration, 
have not performed up to expectation (low gain, poor S11, and deformed 
patterns) in either the Midband or Lowband reconfiguration state.  It was 
determined later on after many painstaking processes and iterations that these 
performance deficiencies were caused by the Electromagnetic Interference 
(EMI) coming from the DC bias traces and wiring.  
A. Manipulating the DC Bias Wires 
The initial basis for attributing the cause of the performance deficiencies 
to the DC bias wiring was founded on observations of antenna S11 response 
when the DC bias wires were manipulated.  The S11 shown in for all previous 
experimental specimens is specific for that arrangement of the wiring and those 
testing conditions.  What was found is that manipulating the DC bias wiring, 
even subtle manipulations which alter the position of the DC bias wires by only 
inches, can cause drastically altered S11 responses.   
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Out of the 3 reconfiguration states, the Highband demonstrated the most 
resilience in the face of DC bias wire changes.  There was never an arrangement 
of DC bias wiring found which destroyed the Highband completely, although 
it could be greatly perturbed and demonstrate significant changes to 
bandwidth.  However, both the Midband and the Lowband proved extremely 
sensitive to changes in the DC bias wire positioning.  Resonances could be 
made to disappear and reappear at frequencies sepa rated by 100 MHz or more.  
Unfortunately, inside the Satimo chamber or near it at the WRCNC we did not 
have the capability to measure the S11 of the antenna as it appeared under 
testing conditions with the device positioned on the measurement pedestal 
inside the chamber.  The lack of this capability allows for some doubt about 
the status of the S11 while the radiation measurements were performed, as the 
exact S11 response of the antenna as it appeared on the Satimo measurement 
pedestal is unknown. 
B. Studying the EMI from DC Busbars and Wires 
To investigate the hypothesis of the DC bias wiring in the presence of 
the DC busbars causing the performance deficiencies to the pixel patch 
antenna, a HFSS model was developed to simulate the pixel patch structure and  
test the effects of the DC bias wiring in a controlled manner.  The model 
includes all the copper traces from the experimental specimen modeled as 
0.1mm thick rectangular cross-section solids assigned as copper with a 
conductivity of 5.8E7 S/m.  The antenna substrates are modeled as FR4 with a 
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relative permittivity of 4.4 and loss tangent of 0.02.  All DC bias wires for the 
pixel patch and feedline are included in the model.  The wires are modeled as 
cylindrical solids with a radius of 0.25mm and assigned as copper with the 
conductivity listed above.  To reduce simulation time, the Rohacell foam core 
was neglected from the model.  The space between the bottom of the pixel 
patch substrate and the groundplane is filled with air.  The RF MEMS were 
modeled by creating a short for the ON state, and an open for the OFF state.  
The frequency reconfiguration states are modeled by connecting or 
disconnecting the appropriate pixels with a 0.92mm × 1mm × 0.1mm section 
of copper. 
The S11 plot of the Highband, Midband, and Lowband before and after 
including wires to the simulation model is shown in Fig. 2.26. 
 
 
The results confirm that the DC bias wiring in the presence of the DC busbars 
is responsible for the performance losses observed from the experimental 








Figure 2.26 Simulated S11 measurements showing the effect of DC bias wires on the 




bandwidth of approximately 100MHz, remains intact with a bandwidth of 
250MHz.  Of greater consequence are the S11 responses of the Midband and 
Lowband after inclusion of the DC bias wiring to the simulation model.  The 
Midband S11 response in particular is  adversely affected, with no trace of the 
“No Wires” S11 response remaining after the inclusion of DC bias wiring.  
Further simulated results show more detail of the effects of the DC bias 
wires on antenna performance.  Fig. 2.27 shows the simulated electric field 
distributions for the three reconfiguration states of the pixel patch before the 
inclusion of the DC bias wires.  
 
The electric field magnitudes are calculated at the approximate center 
frequency of the respective reconfiguration band.  The electric field 
distributions of this figure do not precisely conform to the textbook electric 
field distribution of a microstrip patch antenna due to the pixelated antenna 
geometry and DC busbars on the underside of the substrate.  However, the 
 
Figure 2.27 Simulated electric field distributions for the pixel patch and DC busbar traces 
without the introduction of DC bias wiring: (a) Highband at 1.70 GHz, (b) Midband at 1.49 





















electric field magnitude conforms in general to what is expected.  The 
maximum intensity of the electric field occurs mos tly along the edges of the 
last rows of pixels intended for that reconfiguration state, and the minimum 
intensity occurs at the center of the pixel patch for all reconfiguration states.   
Fig. 2.28 shows the electric field magnitude distributions on the 
pixelated patch at the same frequencies as above after the inclusion of the DC 
bias wires to the simulation model.  
 
Once again, the negative effect of the DC bias wiring is immediately apparent.  
The Highband E-Field is deformed, but still retains some semblance to the 
original E-field magnitude distribution.  Unfortunately, the Midband and 
Lowband are both completely deformed and no longer recognizable as an 
electric field typical of a patch antenna.  
 
Figure 2.28 Simulated electric field distributions for the pixel patch after the introduction 






















C. Other Hypotheses and Outcomes 
Our initial hypothesis was that the length of the DC bias wires in the 
presence of the length of the DC bias traces resulted in a combined length 
which was proving resonant within our frequency range of interest.  If the 
length of the DC bias system was resonant within the 1−2GHz frequency range, 
it is implied that increasing or decreasing the length of the DC bias wires would 
move the resonance outside our desired scope of frequencies.  We tested this 
theory by developing a simulation model and varying the length s of the DC 
bias wires in the presence of the DC bias traces, the results of which are found 
in [65].  In summary, there was no indication from the simulated results that 
altering the lengths of the DC bias wires in the presence of the DC busbars has 
any significant effect on the S11 response of the antenna.  Any length of DC 
bias wires connected to the DC busbars results in a significant deterioration in 
S11 response of the antenna for all bands, with the Midband and Lowband 
being rendered non-functional. 
An attempt to limit the surface current present on the DC bias wires was 
made experimentally with 40kΩ lumped element resistors located between the 
DC bias wire and the DC busbars to act as a RF choke.  This effort also proved 
unsuccessful.  While there did appear to be a small improvement after the 
implementation of the 40kΩ choke resistors, it was clearly an insuff icient 
solution to the problem. 
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2.9 High-Impedance Graphite DC Bias Solution 
A. Introduction 
The presence of RF currents in the DC bias wires creates an antenna 
with poor impedance matching and a nondeterministic response. Multiple 
efforts were made to resolve the impedance matching deficiency while keeping 
the original design for the DC bias system intact.  However, efforts to 
impedance match the antenna in the presence of the combination of DC bias 
wires and DC busbars were unsuccessful due to the non −deterministic S11 
response of the antenna in the face of DC bias wire manipulations.  As stated 
above, efforts to separate the DC bias wires from the DC busbars with RF 
chokes were also unsuccessful.  The conclusion drawn is that the DC biasing 
scheme must be redesigned.  
RF MEMS have been successfully biased in the literature with high 
sheet-resistance alloys deposited in a very thin layer using vapor deposition 
techniques.  However, that method of fabrication (microelectronic) is not 
applicable for a structural antenna specimen due to temperature limitations of 
the substrates.  An option open to us which is applicable to a structural 
environment is to fabricate the DC busbars by hand using graphite fibers.  
While we will not be able to achieve the high sheet -resistance values found in 
the literature without microelectronic fabrication techniques, a DC bias 
network with inferior, but still significant, impedance will be possible.  
Graphite has a conductivity of approximately 70,000 S/m, making graphite 
1000 times less conductive than copper.  Fabricating the DC bias busbars out 
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of graphite will provide an evenly distributed high-impedance biasing scheme 
which should decouple the DC bias wires from the antenna, provided the 
graphite lines can be fashioned thinly enough and in long enough sections.  
From an impedance standpoint, the graphite lines should be constructed 
with as small of a cross-sectional area as possible.  From a practical 
implementation standpoint, we believe that graphite lines of a roughly circular 
cross-sectional area with a diameter of approximately 0.1mm or less can be 
achieved when installing the graphite by hand.  If a circular cros s-section with 
a 0.1mm diameter is taken to be the case, then the graphite bias lines will 
provide a resistance of 46.2 Ω/in.  This is too small of a value to be effective 
if the existing DC bias scheme is directly converted to graphite.  However, 
redesigning the DC busbars to run for a much longer length between the MEMS 
gate pads and the DC bias wiring will allow for  graphite lines which provide 
several hundred to 1000 ohms of resistance.  
B. Conversion from Copper to Graphite DC Busbars 
Fig. 2.29 shows a new scheme for the DC biasing of the MEMS which 
will isolate the copper wires from the antenna traces with lengths of graphite 
fiber.  As seen in the figure, all the original copper DC busbars on the pixel 
patch have been removed and every MEMS gate pad  and ground connection are 
now isolated from the DC bias wires by graphite lines of significant length.  
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The length and approximate resistance values for the new graphite bias lines 
are listed in Table 2.3. 
The graphite biasing scheme was integrated to the existing pixel patch 
model in HFSS to check the validity of the design.  For simulation purposes, 
the graphite bias lines are modeled as cubic lengths with a 0.1mm ×0.1mm 
square cross-sectional area rather than cylindrical lengths with a 0.1mm 
 
Figure 2.29 Layout of the DC bias lines redesigned as graphite meander traces (in 
millimeters): (a) upper side of pixel patch substrate with the ground connection for the 
pixel patch MEMS, (b) underside of the pixel patch substrate with the 90V busbars for the 
pixel patch MEMS, (c) underside of ground plane substrate with the ground connection 






























diameter.  Table 2.4 shows the comparison of electric field magnitude at the 
end of each DC bias wire for the model with copper DC busbars and for the 
graphite line model.  
 
HFSS predicts the graphite bias lines to be very successful in decoupling the 
DC bias wires from the pixel patch antenna traces.  For all wires in all 
reconfiguration states, the graphite bias lines reduced the magnitude of the 
electric field present in the DC bias wires by at least one order of magnitude 
and in some cases as much as 3 orders of magnitude.  
  Row 1 Row 2 Row 3 Row 4 Mid Stub Low Stub Ground 
 HB 2138 40700 12850 2240 6129 973 616 
Copper MB 8717 13470 1282 2734 2733 1200 2517 
 LB 2759 7877 13920 10080 2533 5562 5045 
 HB 41 94 44 121 261 26 184 
Graphite MB 168 173 86 32 117 345 48 
 LB 141 130 156 73 196 79 14 
 
Table 2.4 Simulated Electric Field Magnitudes in DC Bias Wires (V/cm) 
 
Table 2.3 Approximate resistance values for the graphite bias 
lines. 
 
Bias Line L (mm) R (Ω) 
Patch Inner Voltage Busbars 442 630 
Patch Outter Voltage Busbars 419 600 
Patch Ground Connection 441 630 
Feedline Voltage Connection 173 250 




Fig. 2.30 shows the simulated S11 results for the pixel patch with the 
graphite bias lines compared with simulated S11 results previously shown. 
 
The inclusion of the graphite bias lines to the model begins to bring the antenna 
S11 performance back towards the response of the model with no wires 
included.  Unfortunately, while significantly improved for all reconfiguration 
states, the antenna S11 shows the Midband and Lowband being not as closely 
matched to 50Ω as required.  This deficiency is corroborated by the electric 
field magnitude distributions of Fig. 2.31 that while clearly improved, still 
show a non-ideal electric field for the Midband and Lowband. 
2.10 Sawtooth Shaped Graphite Bias Lines 
A. Description 
Two alterations to the previous simulation model were made to improve 








Figure 2.30 Simulated S11 plots comparing the model before the introduction of DC bias 
wires (No Wires), after DC bias wiring was included (Wires), and after the conversion to 





in the ground plane was increased in length by 2mm on each side.  This alters 
the total length from 45mm to 49mm, with the center position of the slot 
remaining unchanged.  This change improves the S11 performance of the 
Midband and Lowband, but at the cost of a decreased S11 magnitude for the 
Highband.  This was considered an acceptable trade off as the Highband was 
impedance matched well enough that the S11 could increase by several 
decibels, yet still be below −10dB. 
The second alteration to the previous simulation model undertaken was 
a re-routing of the graphite DC bias line layout.  Several different positioning 
strategies for the graphite DC busbars were simulated to find a location of 
minimum effect on antenna performance.  The best arrangement we 
investigated which was practically able to be  implemented is shown in Fig. 
2.32. 
The graphite lines controlling the two inner rows of MEMS were altered 
so that the horizontal busbar which joins the sections of graphite running from 
 
Figure 2.31 Simulated electric field distributions with graphite bias lines: (d) Highband at 



















the different vias has been relocated towards the center of the patch by 3.5mm.  
The sections of graphite which connect to the individual vias were originally 
4mm in length.  This value has been increased to 7.5mm.  What was found from 
the simulations is that locating these two busbars closer to the edge of the patch 
decreases the antenna performance through a combination of S11 and 
efficiency degradation.  This observation makes intuitive sense, as the edge of 
the patch is the location of maximum electric field intens ity. Locating the two 
inner graphite busbars away from the area of maximum electric field intensity 
reduces coupling between the patch and the graphite line.  However, the 
graphite line cannot be relocated too far towards the center of the patch.  If 
this is done, we theorize that the graphite will interact with the fields from the 
coupling slot and reintroduce the degradation to S11 and eff iciency.  The 
 
Figure 2.32 Layout of the sawtooth shaped graphite lines (in millimeters): (a) the 
simplified pixel patch ground connection graphite line on the top side of the patch substrate, 


















location for the two inner graphite lines shown in Fig. 2.32(b) is an acceptable 
compromise between reducing interaction with the patch electric field and 
introducing interaction with the fields from the coupling slot.  
Finding a solution for the two outer graphite lines proved more difficult.  
It was found from the simulations that any arrangement of the two outer 
graphite lines which involves sections which run parallel to the E or H plane 
of the patch for any significant length result  in poor S11 and efficiency for the 
Lowband especially.  The best results were found when sawtooth arrangement 
of Fig. 28(b) was adopted.  The sawtooth arrangement comprises of a series of 
10.5mm sections of graphite located directly under the 2nd and 10th rows o f 
pixels which alternate between 45° and −45° angles to the E -plane of the patch 
antenna.  The length of the fourth cycle of ±45° was shortened to 5.2mm to 
account for the closer spacing of the two vias at that position.  We hypothesize 
that arranging the graphite lines to be at angles to the E and H-plane of the 
antenna at all points reduces the magnitude of the fields which can interact 
with the graphite lines. 
B. Simulation Results 
The updated simulation model includes the increase in length of the 
coupling slot to 49mm and the alteration to the graphite bias line layouts.  The 
graphite is again modeled with a square cross -section with a length of each 
side being 0.1mm.  An additional change made to the simulation model is the 
inclusion of a Rohacell  foam core ( 𝑟=1.22, tan𝛿=0) and two layers of 
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structural epoxy ( 𝑟=4, tan𝛿=0).  The two layers of structural epoxy were set 
at 2 mils thickness.  The RF MEMS switches are still approximated by a short 
for the ON state and an open for the OFF state.  
The simulation results in Fig. 2.33 and Fig. 2.34 predict the sawtooth 
arrangement for the graphite lines in Fig. 2.30 along with the 4mm increase to 
aperture length solve the problem of poor impedance matching for the Midband 
and Lowband.  The simulated S11 plot of Fig. 2.33 predicts the Midband to 
achieve a −10dB bandwidth of 300 MHz, and the Lowband to achieve g reater 
than 100 MHz bandwidth.  
 
The electric field magnitudes of Fig. 2.32 show that the fields for all bands 
now in general conform to what is expected from the pixelated patch antenna.  
 
 
Figure 2.33 Simulated S11 from the pixelated patch antenna with high-impedance 




C.  Antenna Fabrication 
The success of the simulation results justifies the construction of an 
experimental specimen to validate our findings, photographs of which are 
shown in Fig. 2.35.  The specimen was fabricated as a “pseudo -structural” 
coupon to reduce the time required to build.  Although this was not a structural 
coupon, structural epoxy was used to glue the patch substrate to the foam core 
in the vicinity of the pixel patch.  This provides a stable surface for MEMS 
installation and has been found to be preferable to havin g an unsecured surface 
which can flex and shift.  Unlike a structural coupon which has been subjected 
to high-pressure to evenly distribute the epoxy, the epoxy for this specimen is 
of unknown thickness.  Every effort was made to create as thin of a layer of 
structural epoxy as possible, but maintaining a consistent thickness was not 
possible with our equipment.  The structural epoxy under the patch substrate 
 
Figure. 2.34 Simulated electric field magnitudes from the pixelated patch with high-
impedance sawtooth shaped graphite bias lines: (a) Highband at 1.6 GHz, (b) Midband at 



















is estimated to be between 0 and 1mm in thickness.  The areas of the coupon 
outside the vicinity of the pixel patch, along with the entirety of the ground 
plane, are strapped to the foam core with Kapton tape.  
This specimen retains seven copper DC bias wires to establish a 
connection to the DC power supply.  From a purely electrical point of view, 
 
Figure 2.35 Photographs of the Sawtooth Graphite Pseudo Coupon: (a) Section of graphite 
lines on underside of patch substrate before protective coat of epoxy, (b) underside of patch 
substrate with graphite lines coated in epoxy, (c) patch ground connection with protective 
coat of epoxy, (d) pixel patch with 35 MEMS installed, (e) feedline with both MEMS 















there is no reason that there must be a transition from graphite bias lines to 
copper wiring when connecting to the DC power supply.  However, from a 
practical standpoint, the graphite fibers are not physically robust enough to 
withstand the flexing and handling required of conductors which route to the 
power supply.  For this reason, we chose for there to be a transition from 
graphite bias lines to copper bias wires.  
When this experimental prototype is recreated as a true structurally 
integrated CLAS article, the structural requirements dicta te that there be an 
outer mold layer, or superstrate, included.  For this reason, a superstrate was 
fabricated, and all radiation and pattern measurements taken include the 
superstrate in place.  The superstrate is composed of a 5in ×5in×1.3mm section 
of fiberglass/epoxy composite panel with a dielectric constant of 
approximately 4.4.  A 2mm thick section of Rohacell 51 HF ( 𝑟=1.057, 
tan𝛿<0.0002 @ 𝑓=2.5 GHz per datasheet) was attached to the underside of the 
fiberglass panel with structural epoxy due to findings reported in [63].  The 
epoxy was applied as a thin layer.  However, similarly with the attachment of 
the pixel patch substrate to the foam core, the lack of a high -pressure 
environment leaves the exact thickness of the epoxy layer indeterminate.  
D. Experimental Results 
After fabrication in Columbia, SC, the specimen was transported to 
Wake Forest, NC for radiation and pattern measurements at the same facility 
as used for prior specimens.  As explained previously, the WRCNC Satimo 
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chamber does not provide S11 data as the test article appears on the test 
pedestal.  However, the inclusion of the graphite bias lines has eliminated the 
variability in S11 response from bias wire manipulation.  The result is that 
unlike previous specimens, there is no reason to believe that the S11 response 
as the test article was measured for pattern and gain differs to any significant 
extent to the S11 response that was recorded before transport.  
The measured S11 results (Fig. 2.36) show that the major concerns from 
past experimental efforts have been addressed and eliminated.  
 
The three reconfiguration states are each clearly defined in the S11 response, 
every reconfiguration state has gain above 3dB (Fig. 2.37), and each 
reconfiguration state provides value to the antenna in terms of total frequency 
coverage.  The radiation patterns of Fig. 2.38 show that every reconfiguration 
state maintains a radiation pattern expected of an  aperture coupled patch 
antenna over the entire span of its respective frequency range.  Very little 
deformation of the radiation patterns is observable from the measured data.  
 
 




These findings corroborate the hypothesis that the major deficiencies in 
antenna performance observed from previous articles were in fact due to the 
DC bias wires being coupled to the antenna traces.  Also corroborated are our 
simulation results which predicted that we could decouple the DC bias wires 
with extended bias lines fabricated out of graphite.  Of especial note is the fact 
that this was accomplished without the use of vapor deposition or other 
specialized facilities.  This entire functional prototype was fabric ated on an 
ESD safe laboratory work bench.  
Three concerns still exist for this specimen.  First, the simulation data 
of Fig. 2.33 is not in good agreement with the measured S11 results of Fig. 
2.36 with the most notable disagreement being the approximately 100MHz 
lower frequency response of the measured specimen than what was observed 
in the model.  This is likely due to the electrical properties for the antenna 
substrates, structural epoxy, and foam core being approximations only.  
 
Figure 2.37 Measured gain and efficiency results from the Sawtooth Graphite Pseudo 
Coupon: (a) Results of plotting only the reconfiguration state with the maximum gain at 
any one frequency when the requirement of S11 <= -9.5 is enforced, (b) Efficiency versus 







There is also the discrepancy of the experimental specimen having a 
superstrate in place, but no superstrate being in place in the model.  This 
oversight occurred during the development of the model and is a result of the 
many iterations of modeling that were performed while solving this problem.  
The original HFSS model did not include a superstrate.  To maintain continuity 
 (b)  (a)  (c) 
 (d)  (e)  (f) 
 (g)  (h)  (i) 
 
Figure 2.38 Measured radiation patterns from the Sawtooth Graphite Pseudo Coupon: (a) 
Highband at 1570 MHz, (b) Highband at 1330 MHz, (c) Highband at 1700 MHz, (d) 
Midband at 1280 MHz, (e) Midband at 1240 MHz, (f) Midband at 1330 MHz, (g) Lowband 
at 1220 MHz, (h) Lowband at 1140 MHz, (i) Lowband at 1240 MHz. 
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of simulations, subsequent models did not include a superstrate either.  The 
lack of a superstrate propagated through the multiple iterations of models until 
the last models.  We believed we had the solution  and the physical article was 
being fabricated regardless.  The inclusion of the superstrate causes a minor 
reduction in bandwidth and shifts the measured frequencies approximately 50 
MHz lower. 
Additionally, there were assumptions made about the nature of  the 
graphite bias lines in the simulation model which differ from what was actually 
fabricated.  While it is unlikely the  fabricated graphite lines are exactly 
circular in cross-sectional area, it is certain that they are not square.  
Additionally, the assumption was made in the model that the graphite lines 
were a consistent cross-sectional square with the length of a side being 0.1mm.  
Although we do not possess the tools to make a more precise measurement, we 
estimated by comparing a length of graphite used for bias line fabrication with 
a 0.5mm per division ruler under the microscope that we were able to achieve 
graphite lines significantly less in diameter than 0.1mm.  An approximate value 
of between 1/15 and 1/20 mm would be more accurate by our estim ation.  
Discrepancies as to the exact nature of the graphite bias lines would not likely 
shift the frequency for any of the reconfiguration states.  However, it is likely 
that any discrepancies could affect the impedance of the Midband and Lowband 
especially due to the altered value of the currents in the bias lines directly 
under the pixel patch.  
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The above causes are what we believe lead to the difference between 
simulated data and our measured results.  The second concern which still exists 
is the fact that the Lowband S11 is not as well separated from the Midband S11 
as would be optimal, as observed from Fig. 2.36.  The Lowband could be 
shifted lower in frequency by 25–50 MHz and still intersect the Midband at 
below −10 dB.  The result would be an additional 25–50 MHz or usable 
bandwidth for the antenna.  To rectify this problem would require alterations 
to the antenna trace dimensions.  At the very least, there would need to be a 
slight increase to the length of the Lowband stub on the feedline.  A worst-
case scenario would be that the increase in Lowband stub length was 
insufficient and the pixel patch would require to be increased in length for that 
reconfiguration state to bring the frequency for the Lowband lower.  
The third concern is the most significant from our perspective.  The 
measured efficiency plot of Fig. 2.37(b) shows the Midband and Lowband to 
have 1−1.5 dB lower efficiency than we expected.  It is known that in part due 
to the foam height being tuned for the Highband, and in part the graphit e bias 
lines still affecting the antenna, that the efficiency would begin to decay as the 
frequency decreased below 1.4 GHz.  However, we expected the efficiency to 
remain above -3dB for all reconfiguration states, even though we expected a 
decrease from the -2dB efficiency the Highband displays for most of its 
frequency range.   
A contributing factor that we have identified is a problem of oxidation 
on the feedline of the ground plane substrate.  Due to a miscommunication with 
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the circuit board manufacturer, our ground plane substrate panels were not 
gold-plated traces as one would expect.  Rather, the feedline is bare copper and 
exposed to oxygen with the oxidation being exacerbated by the specimen 
spending time at elevated temperatures while curing epoxy.  There was an 
observable discoloration present on the feedline and reconfigurable stubs of 
this specimen due to the copper of the feedline oxidizing.  We attempted to 
remove the oxidation by vigorously rubbing the feedline with a pencil eraser.  
However, it is entirely likely that the small areas around the pockets where the 
MEMS chips connect did not get optimally clean.  If this is the case, it is 
conceivable that 1 – 1.5 dB of loss is present due to poor electrical connections 
of one or both of the MEMS reconfiguring the feedline stubs.
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CHAPTER 3 
MEMS RECONFIGURABLE L-BAND PATCH ANTENNA IN A 
STRUCTURAL SANDWICH COUPON WITH DIRECT WRITTEN 
CONDUCTING TRACES 
3.1 Introduction 
The final experimental prototype antenna and the results presented in 
Chapter 2 demonstrate the RF design objectives for the L band MEMS 
reconfigurable pixel patch. If RF performance was the only concern, there 
would not be a need to do further research on the L-band reconfigurable 
antenna.  However, it should be noted that the said antenna was manufactured 
using PCB methods using standard PCBs (FR4), and for reasons discussed 
previously, such manufacturing processes become increasingly difficult as the 
substrates grow in size and curvature.  As such, the antenna presented in 
Chapter 2 does not yet fully demonstrate the feasibility that it can be 
implemented in an aircraft structure or other structures consisting of structural 
composite laminates.  Antenna fabrication for integration into structures 
require that the antenna traces be fabricated using additively manufactured 
technique. In addition, all laminates and foam core need to be bonded into a 
composite sandwich coupon.  
Our preliminary efforts in additively manufacturing conducting traces 
involved depositing silver nanoparticle conducting ink using a Dymatix inkjet 
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printer [62].  While some measure of success was achieved using that process, 
it proved unsuitable for creating conducting traces dir ectly on the surface of 
structural composite laminates.  The problem that we were unable to surmount 
with the conducting ink is that the conductivity of the deposited traces is a 
function of the curing temperature.  If the ink can be cured at 300°C, the 
resulting traces will be suitably conductive to make efficient antennas.  
Unfortunately, as the curing temperature decreases, the silver nano particles 
are not sintered as well resulting in the traces having a lower conductivity.  
The temperature limits for the structural laminates was low enough that the 
conducting ink after curing was too resistive to make electrically efficient 
traces. There were other challenges as well, such as depositing conducting ink 
with enough thickness and creating antenna prototypes that are large.  
A commercial solution to additively manufacture conducting traces 
exists, Mescoscribe Inc.  [66].  They use a proprietary plasma spray process to 
deposit copper conducting traces on a variety of surfaces, including unusually 
large and curved surfaces.  This technique has been demonstrated and used to 
develop non-reconfigurable conformal antennas [67].  However, since the 
MEMS reconfigurable antenna requires installing 38 sensitive MEMS switches 
using flip-chip conductive epoxy technique the traces created by Mesoscribe 
required careful evaluation. 
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3.2 Challenges with MEMS Installation on Additively Manufactured 
Traces 
Multiple efforts were made to fabricate a MEMS reconfigurable pixel 
patch antenna using the direct-written Mesoscribe traces with varying degrees 
of success, but with none of the antennas demonstrating enough bandwidth and 
gain to be worth discussing in detail.  Some of the problems encountered can 
be attributed to the specimens being fabricated before the graphite based high 
impedance solution to the DC biasing system was finalized, and so suffered 
from impedance mismatch due to RF coupling to the DC bias lines.  There was 
however another category of problems with the direct-written traces which 
involved the interaction of the MEMS with the surface of the direct written 
traces.  The problems manifested on both antenna and transmission line 
specimens and were particular to the direct-written traces and not apparent 
when instrumenting MEMS on etched PCB traces.  
First, there was the phenomena of the MEMS being apparently 
disconnected even though the process of installing the MEMS had at this point 
become well practiced and reliable when using etched traces.  This problem 
was observed first while measuring the insertion loss (S21) for the transmission 
line specimens.  The MEMS were functioning properly in the “open” state, 
with 20 dB isolation per MEMS.  However, when a bias of 90V was applied, 
one or both MEMS would fail to reach the closed position as noted by either 
no significant deflection in the S21 or only a decrease i n isolation attributable 
to a single MEMS cantilever closing rather than the entire complement of 
MEMS on the transmission line.  This observation was further corroborated by 
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performing DC continuity checks on the MEMS with a multimeter.  The 
difference of the DC resistance presented by a properly functioning MEMS is 
an open circuit in the “open” state, and approximately 2 Ω of resistance in the 
“closed” position.  What was measured were MEMS that presented an open 
circuit regardless of the application of 90V to the gate pad. 
The second problem observed was the MEMS demonstrating a loss 
several dB higher than it should be in the “closed” state while being 15 to 20dB 
less than it would be in the “open” state.  As shown previously, properly 
functioning MEMS when mounted using conducting epoxy will demonstrate 
less than 0.2dB of loss per device.  The observation in this instance was S21 
measurements showing the MEMS demonstrating the proper amount of 
isolation in the “open” state but showing 1 to 10dB loss in the “closed” state.  
The difference in the S21 measurements between “open” and “closed” states 
left no doubt that the cantilever beam of the MEMS was deflecting in response 
to DC voltage and the MEMS were functioning to some extent. However, in 
this case some mechanism was contributing multiple dB of loss which should 
not have been present. 
3.3 Problem Identification 
It was hypothesized that the problem of the MEMS being apparently 
disconnected was most likely attributable to the gate contact of the MEMS not 
achieving a connection with the conducting trace during installation.  To 
understand this, it must be recalled that the amount of conducting epoxy being 
75 
 
used is very small (approximately 2pL).  This amount of epoxy is sufficient if 
the surface of the conducting traces is uniformly smooth and level as is the 
case with PCB traces.  However, if the surface of the conducting traces has 
deformities such as pits or general roughness, that small amount of conductive 
epoxy may not be sufficient to fill in any divot which happens to be directly 
under the gate pad contact of the MEMS.  Unlike PCB traces, even very casual 
inspection without any form of magnification will identify that the surface of 
the direct-written traces is not uniformly smooth.  General roughness coupled 
with a seemingly random distribution of divots is consistent for all examples 
of conducting traces that we observed from the direct-written traces.  The 
smoothness challenge of the DW traces may also partly be understood from the 
nature of the textured surface of the host E-glass/epoxy substrate.  We predict 
that the combination of minimal amounts of conductive epoxy with 
irregularities in trace surface is what is causing the MEMS to exhibit the 
behavior described.   
The problem involving the MEMS functioning with far more loss than 
they should is thought to be attributable to two possible causes.  For the same 
reasoning as described above, it is conceivable that the drain or source contacts 
for the MEMS would in some cases have a poor connection to the conducting 
trace.  If this was the case, the MEMS cantilever beam would still actuate as 
intended, but the propagation path for RF currents would demonstrate 
excessive loss due to one or both drain and source contacts being poorly 
connected.   
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In addition to surface roughness concerns, it is possible that oxidation 
of the conducting traces could contribute to the higher loss of the MEMS which 
has been observed.  The direct-written traces are bare copper which will 
oxidize over time, especially when subjected to elevated temperatures as is the 
case with these specimens for conductive epoxy curing.  The oxidation would 
act as a series resistor between the drain and source contacts of the MEMS, 
and the drain and source pads of the conducting trace.  
To resolve these problems, a two-step approach is called for.  First, the 
surface of the direct-written traces must be smoothened out, or polished to the 
best of our ability.  There is some risk to doing so however.  Polishin g the 
surface of the traces entails the removal of conducting material.  Removing 
conducting material introduces concerns involving skin depth, as a perfectly 
smooth trace will do us no good if it exhibits excessive loss in our frequency 
range due to insufficient thickness.  By casual inspection, the direct-written 
traces appear sufficiently thick to tolerate the removal of some amount of the 
conductors, but an accurate appraisal of the actual thickness of the direct 
written traces along with the nature of the surface irregularities is justified.  
Optical profilometer images examining the direct-written traces are 
shown in Fig. 3.1.  The scanned images include the surface of a single pixel of 
the pixel patch antenna before and after sanding in Fig. 3.1(a) and  (b), along 
with the bridge between pixels before and after sanding in Fig. 3.1(c) and (d).  
The image of the pixel shows only the surface of the pixel itself, and not the 
surrounding substrate.  The image of the bridge between pixels shows both the 
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substrate and the trace, so an accurate gauge of trace thickness can be obtained.  
 
Figure 3.1 Optical profileometer scans of the surface of the Mesoscribe deposited 
conducting traces before and after smoothening.  All images taken at the same μm scale:  
(a) The surface of a pixel before sanding, (b) Pixel after smoothening, (c) Section of a 













The traces were smoothened by hand via 600-1000 grit sand paper used to level 
out and polish the traces.  The before and after images are not taken at the same 
locations on the pixel patch substrate but are representative of the surface of 
the traces before and after treatment.  The before treatment images clearly 
show the nature of the traces as they arrive from the vendor.  The traces are 
approximately 140μm in height from their lowest to highest points, but it 
appears that a nearly uniform thickness would not be possible unless the traces 
were reduced to approximately 70μm.  Even then, there is evidence of divots 
which appear to extend nearly to the substrate itself and would still be present 
even after sanding.  Fig. 3.1(d) shows that the trace height after treatment is 
greater than 50μm, not perfectly level, but greatly improved over the stock 
surface.  Skin depth at 1GHz is roughly 2μm, so even with over half of the total 
trace thickness removed, the 50μm remaining is far more than sufficient to 
support propagation in the L-band. 
As for the second step, it is necessary to have the direct-written traces 
plated with a non-corroding material using electrodeposition after the 
smoothing of the traces has been completed.  This will not only remove and 
prevent any future oxidation but will also assist in filling in any further 
discontinuities in trace surface.  We used gold plating for this step in the 
process, but a thin layer of tin would work as well.  The combination of treating 
the direct-written traces to have a more uniformly even surface which will not 
oxidize over time should lead to greatly increased reliability in MEMS 
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instrumentation which will approach, if not equal, the reliability associated 
with instrumenting on chemically etched traces.  
3.4 Experimental Results on Transmission Lines 
Two experimental transmission lines were fabricated using direct-
written traces on E−glass/epoxy substrates shown in 3.2(a).  The conductors 
were smoothened, gold plated, and instrumented with MEMS and necessary 
components for testing.  The measured S21 for the specimens is shown in Fig. 
3.2(b) and is compared to an etched 2-switch line and a direct-written 2-switch 
line with the trace surface as it arrives from the manufacturer.  
 
As can be seen, the 3-switch treated line displays comparable loss to the stock 
2-switch line, and the treated 2-switch line is comparable to the etched 2-
switch line.  At 1 GHz, MEMS mounted on the PCB trace are known to 
 
Figure 3.2 Experimental results of the sanded and gold-plated Mesoscribe transmission 
line specimens:  (a) Picture of 2-switch line and 3-switch line, (b) measured results of the 
two modified lines compared to an etched 2-switch line and a Mesoscribe 2-switch line 






demonstrate approximately 0.1dB of loss per switch (Fig. 2.8a), so Fig. 3.2(b) 
indicates that the treated direct-written traces are roughly equaling that 
performance.  Most importantly, there were no observed instances of MEMS 
demonstrating excessive loss or failing to be connected during the fabrication 
of the modified transmission lines.  Our conclusion is that the additively 
manufactured traces can be as suitable for reconfigurable pixel patch antennas 
as chemically etched traces, if the extra process steps of smoothing the surface 
and gold plating the conductors are taken.  
3.5 The Structural Pixel Patch Antenna 
A. Introduction 
Taking into account the lessons learned from the high-impedance 
sawtooth shaped graphite bias line antenna along with the results gleaned from 
investigating the additively manufactured conducting traces, a final 
experimental antenna prototype functioning in the L−band was fabricated.  The 
layout of this antenna is identical to that of the previous pixel patch antennas, 
with the differences being in the processes and materials used to fabricate the 
specimen.  Both the patch substrate and the ground plane substrate use 
E−glass/epoxy structural panels with the ground plane formed by a wire mesh.  
All conducting traces consist of the direct-written copper.  Additionally, the 
specimen is bonded together forming a sandwich structure fully capabl e of 
bearing structural loads. 
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A superior microscope and tweezers were purchased and used for the 
fabrication of this antenna.  As a result, the graphite lines were able to be made 
significantly thinner than the previous specimen.  It was estimated that the 
graphite lines for the previous specimen were between 1/15 and 1/20 mm in 
diameter.  The graphite lines for this antenna were measured under 
magnification to be approximately 1/50 mm in diameter as shown in Fig. 3.3. 
 
The graphite is not extremely clear in the photographs due to being embedded 
in a layer of epoxy, with the surface of the epoxy then abraded to increase 
adhesion during bonding.  Photographs of the experimental specimen are 
shown in Fig. 3.4. 
B. Experimental Results 
 The measured S11 results for the completed reconfigurable pixel patch 




Figure 3.3 Magnified images of the sections of graphite fibers under the pixel patch: (a) 
0.05 mm scale, (b) 0.01 mm scale.  Measurements indicate approximately 400Ω mmΤ  of 
















Figure 3.4 Photographs of the fully structural pixel patch antenna with additively 
manufactured traces: (a) Graphite bias lines with protective layer of epoxy before bonding 
into the coupon, (b) Fully instrumented feedline, (c) Specimen as it was measured for S11, 




Figure 3.5 Measured results from the fully structural pixel patch antenna with additively 




Midband and Highband frequency bands.  This gap is present due to the fact 
that this antenna was measured without a superstrate.  The superstrate has been 
observed in the past to pull down the Highband S11 response but was not 
included in the measurement of this antenna.   
Antenna gain and pattern measurements were conducted at the Wireless 
Research Center of North Carolina inside a Satimo anechoic chamber.  The 
measured gain plotted at S11 values of -7dB or less is shown in Fig. 3.5(b).  
Measured radiation patterns are shown in Fig. 3.6.  The antenna demonstrates 
a peak gain of 7.8 dB at 1.64 GHz in the Highband configuration.  Both 




The previously presented non-structural version of this antenna 
(presented in Chapter 2) utilized chemically etched copper traces on FR4 
substrates.  That antenna demonstrated a −10dB bandwidth of 1.12−1.7 GHz 
 (a)  (b)  (c) 
 
Figure 3.6 Measured radiation patterns from the fully structural pixel patch antenna with 
additively manufactured conducting traces: (a) Highband at 1640 MHz, (b) Midband at 





with a peak gain of approximately 7.2 dB at 1.58 GHz.  However, the peak gain 
for the Midband and Lowband were both approximately 4.5 dB.  While the 
measured gain was substantial, the Midband gain was ex pected to be more 
towards 5.5 dB with the loss being attributed to oxidation present on the 
feedline, which due to complications with the PCB vendor, was not gold plated 
as intended.   
The current antenna (additively manufactured)  has thus significantly 
exceeded the previous attempts in gain for all bands, especially in the Midband 
and Lowband, while also retaining very comparable S11 coverage.  This 
finding is satisfying as it corroborates the work  done with MEMS installation, 
DC bias decoupling, and the treatment of the conducting trace surfaces.  The 
specimen serves as demonstrable proof that despite the complications involved 
in designing and fabricating the antenna as a structural article using only 
processes applicable to unconventionally large substrates, the MEMS 
frequency reconfigurable pixel patch antenna is a fully functional design with 




UHF FOUR BAND VARACTOR RECONFIGURABLE PIXEL PATCH 
ANTENNA 
4.1 Introduction 
Despite the significant amount of time and resources devoted to 
developing the MEMS reconfigurable pixel patch functioning in the L −band, 
two significant events necessitated that a frequency reconfigurable array would  
not be implemented with that element.  First, the manufacturer of the RF 
MEMS switches, Radant went out of business.  No other company was 
identified as offering individually packaged MEMS chips, thus a new switching 
device needed to be selected.  Second,  the sponsor expressed greater interest 
in a UHF antenna functioning in the 400−800 MHz range rather than the 
L−band.  An additional consideration was that the reconfigurable array be 
fabricated using additively manufactured conducting traces.  A UHF eleme nt 
would be larger than the L−band element, and it was predicted that the 
conducting traces would have more tolerance for error due to being generally 
larger and thus easier to fabricate.  
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4.2 Varactor Device Choice and Switch Configuration 
Any device which was to replace the MEMS as the switching element 
for the reconfigurable pixel patch would uncompromisingly need to be voltage 
controlled with no significant current draw from the power supply.  This 
consideration is due to the nature of the DC biasing system.  The method of 
fabricating the DC bias traces out of high impedance material proved effective 
in decoupling the DC from the RF signal.  The caveat to the method is that a 
current controlled device is unsuitable, as power would be dissi pated in the 
bias lines resulting in excessive power consumption and internal heating of the 
structure.  As a result, the switching device must be voltage controlled.  Of 
course, a switch which also provided near ideal values of insertion loss and 
isolation would be attractive, but ultimately if such a switch demanded a DC 
current the switch could not be used.  
A device which has been used as a voltage-controlled switching element 
in the literature is the varactor diode.  The varactor diode is a variable cap acitor 
for which the capacitance is inversely proportional to the applied voltage.  The 
switching operation of the device is limited by its inherent ON/OFF 
capacitance ratio, which will dictate the insertion loss and isolation  provided 
by a switch comprised of varactor diodes.  However, quality varactor diodes 
have a negligible current draw, typically in the nA range. A varactor diode 
with a large range of capacitance values in a small package with a low series 
resistance could be used as a replacement for the MEMS. 
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A varactor diode which proved suitable is the Skyworks 1265 hyper 
abrupt junction tuning varactor in the SOD−882 package.  We were not able to 
identify a varactor diode with a larger capacitance ratio than what was provided 
by this device, and the Skyworks diode was a lower priced option when 
compared to varactor diodes with a similar capacitance ratio.  The chip is a 
SMD package, with solder pads located underneath the chip.  Connections were 
made by attaching the device to the conducting traces using conductive epoxy.  
The dimensions of the package are shown in Fig. 4.1, with the most relevant 




One complication of using the varactor diode as a replacement for the 
MEMS is the varactor diode being a 2−terminal device (Fig. 4.2a).  The MEMS 
is a 3−terminal device which internally isolates the DC bias voltage from the 
  




RF conductor under normal circumstances.  The biasing scheme for the pixel 
patch is intended to function with a 3−terminal device in mind (Fig. 4.2b), and 
it would be most convenient to keep the DC bias voltage isolated from the pixel 
patch conductors to avoid any unforeseen complications.  To maintain the 
already established biasing plan, 2 varactor diodes can be connected to form a 






Reverse leakage current V = 26V 20 Max nA 
Capacitance V = 1V 14 pF 
 V = 26V 0.7 pF 
Capacitance Ratio C1V/C26V 19.5 − 
Series Resistance V = 1V 2.4 Ω 
 
 
Figure 4.2 Illustrations of the pixel patch biasing scheme and varactor diode schematics: 
(a) Pixel patch switch locations and DC voltage locations, (b) Biasing schematic of a 
varactor diode, (c) A pair of diodes creating a 3−terminal switch. 
 
(b) 
 (c)  (a) 
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single switch with the DC bias voltage in between the two diodes as shown i n 
Fig. 4.2(c).  This arrangement forms a 3−terminal device equivalent to the 
gate/drain/source connections of the MEMS.  However, due to the varactor 
diode being a variable capacitor, connecting the diodes in this manner alters 
the capacitance values presented by the 3−terminal switch according to the 
rules associated with parallel and series connected capacitors.  
The actual impedance values will obviously depend on the frequency of 
operation, which in this case is 400−800 MHz.  A single varactor diode 
switching between 0.7 pF and 14 pF would provide 379 Ω and 19Ω of impedance 
for its “open” and “closed” states respectively at 600 MHz.  Of course, since 
pairs of diodes will be used as in Fig. 4.2(c), those stated capacitance values 
will be reduced by half, and correspondingly the impedance values will double 
for both “open” and “closed” states.  This in turn could be compensated for by 
connecting pairs of diodes in parallel with each other to increase the total 
capacitance of the switch.  A 50Ω transmission line was simulated in HFSS 
using different configurations of diodes to compare the insertion loss and 
isolation results.  The varactor diodes were modeled using a 0.7 pF RLC 
boundary in series with a 2.5Ω RLC boundary for the “Off” state, and a 14 pF 
RLC boundary in series with a 2.5Ω RLC boundary for the “On” state.  Both 
the capacitance and the resistance boundaries were made to be 0.6 ×0.5mm in 
physical size so that together they match the footprint of the Skyworks diode.  
The different diode configurations and simulation results are show n in Fig. 4.3 
and Fig. 4.4.  
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Observing the simulation results in Fig. 4.4, it is immediately clear that 
the performance of the varactor diodes falls short compared to MEMS.  It is 
also clear that the greater than 1dB of loss for much of the frequency range 
demonstrated by the “1 Pair” configuration is not acceptable , and that 
possibility will be removed from further consideration.  That leaves the “2 
Pair” and “3 Pair” configurations as possible options.  Out of the two, the “3 
Pair” would be preferable in terms of loss.  However, the  isolation of this 
configuration is poor, with less than 10 dB isolation provided over half the 






Figure 4.4 Simulation results of switches created out of the diode configurations of Fig. 
4.3: (a) Switch off state, (b) Switch on state. 
 
Figure 4.3 Illustrations of the different diode configurations simulated in HFSS: (a) a 













configuration provides more isolation but is predicted to have 0.6 dB loss over 
most of the bandwidth.   
Ultimately, it was decided to use the “2 Pair” option despite the greater 
loss.  This decision came about mainly due to practical considerations.  First, 
the space between the pads of the “3 Pair” line is 0.4mm.  While this dimension  
is no problem if the conductors were to be fabricated using commercial PCB 
fabrication methods, for additive manufacturing it may become an issue.  
Secondly, if one assumes that the same number of switches are to be used for 
the UHF element as were used for the L−band element, a total of 38 switches 
for each reconfigurable pixel patch is needed.  Using the “2 Pair” option, 152 
varactor diodes would need to be instrumented to complete a single pixel patch 
whereas that number would increase 228 if the “3 Pair” option was used.  This 
difference in the number of diodes required would not be of real concern if a 
single pixel patch element was in question.  However, when an array of 4  or 6 
or perhaps more elements is considered, the difference in components re quired 
between the two options becomes quite large.  For this reason, it was decided 
to use the “2 Pair” scheme and tolerate the additional loss in an effort to keep 
the total number of components required as manageable as possible.   
To compare the measured performance of the varactor diodes versus the 
HFSS results several transmission line specimens were fabricated to use the “2 
Pair” configuration of diodes.  Two versions of the transmission line were 
fabricated.  Chemically etched conductors  on FR4 PCB materials were made, 
as well as arcspray additively manufactured conductors on AFRL E −glass and 
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epoxy composite panels.  Both methods were used to produce the “2 Pair” line, 
as well as a dummy line for comparison.  Pictures of the specimens a re shown 
in Fig. 4.5 with the measured results shown in Fig. 4.6. 
 
 
The measured results are in reasonable agreement with what was obtained 
through simulation, with the error that does exist being in our favor.  The 
etched version of the experimental transmission line demonstrates roughly 
0.45dB of loss from 400 to 800MHz, with a minimum isolation of 11.5dB at 






Figure 4.6 Measured S21 data from the measured transmission line specimens compared 











Figure 4.5 Transmission line specimens with the varactor diode switching element: (a) 
Etched dummy line, (b) Etched line with switch and DC biasing, (c) arcspray deposited 




line is measured to have approximately 0.1dB more loss, and marginally more 
isolation than its etched counterpart.  
4.3 UHF Varactor Reconfigurable Pixel Patch 
Converting the reconfigurable pixel patch design to function in the 
400−800 MHz range will require determining suitable values for the several 
design variables associated with the pixel patch antenna.  The substrates for 
the antenna will remain the same materials and thicknesses as for the L−band 
design including the 1.3mm superstrate with 2mm foam spacing.  The foam 
core height will be 50mm, which is 𝜆/10 at 600 MHz.  That leaves the 
remaining design variables: patch length for all bands, patch width, pixel size, 
and spacing between pixels, slot width, slot length, and stub lengths for all 
bands. 
  Microstrip patch antennas, whether aperture coupled or otherwise, are 
well understood structures.  There are easily referenced design equations which 
give approximate values for patch length at a given frequency and it is 
generally well known that a patch antenna will be resonant at an effective 
electrical length of 𝜆/2.  If the task was to design three patch antennas with 
resonant frequencies which overlap with each other, those design equations 
could be referenced and a reasonable starting point for tuning the antennas 
could be calculated.  However, those calculations are  of little use when 
designing a pixelated antenna with additional rows of conductors in close 
proximity to each other and joined together with electronic switches.  The 
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Highband element of the pixel patch in the presence of the Midband and 
Lowband will have a lower resonance than would the Highband element 
without those additional conductors.  Additionally, if the isolation provided by 
the switching device is low (<20dB), it will have a drastic effect on the 
operating frequencies of the different bands, particularly the Highband.  
To illustrate this point, Fig. 4.7 shows the process using a basic aperture 
coupled patch as a starting point in creating a pixelated antenna. 
 
Fig. 4.8 shows the corresponding S11 responses as the starting antenna is 
modified one step at a time until it is fully pixelated including the varactors 
modeled using capacitance and resistance boundaries.  While the initial 
pixelation in Fig. 4.7(b) increases the upper frequency of the S11 by about 30 
















Figure 4.7 Sequence of converting a basic aperture coupled patch to varactor 
reconfigurable pixelated patch antenna using 140×200mm patch, 120×20mm slot, 18mm 
stub and 50mm core.  (a) Basic patch antenna, (b) Pixelated antenna, (c) Addition of 
Midband and Lowband pixels, (d) Inclusion of biasing pads for diodes, (e) Inclusion of 




value of 550MHz.  The largest contributor to the reduction in frequency was 
the inclusion of the varactor diodes in the model.  This is due to the switch 
fashioned from the varactors having relatively low isolation and would not 
have been nearly as pronounced if MEMS or any device with over 20dB of 
isolation were being used in the design.  
4.4 The Four Band Reconfigurable Antenna 
It was found that due to the low isolation of the varactor switches, it was 
difficult to maintain an upper maximum in S11 coverage for the Highband 
above 700MHz while also having the Lowband extend towards 400MHz if the 
pixels were to remain uniform in dimension.  To address the problem of the 
Highband decreasing in frequency in response to the Midband and Lowband 
being lowered in frequency, a fourth frequency band was added, termed the 
 
 
Figure 4.8 Simulated S11 results showing the effect of converting the aperture coupled 




Extra−Highband.  The layout of the 4-band pixel patch and feedline is shown 




The final pixel size was set at 13×13mm, with the gap between pixels 
being 6.5mm and the connecting bridge 4mm.  The slot is sized 120 ×20mm.  
The stub lengths in Table 4.2 are measured from the center of the slot, and the 
 
Figure 4.9 Layout and configurations of the 4-band varactor reconfigurable UHF pixel 
patch: (a) Pixel patch, (b) Inset showing location of varactor diodes, DC bias resistors, and 
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center of the slot located at the center of the model in the horizontal plane.  As 
seen in Fig. 4.9(c), the Lowband stub of the feedline is activated through a 
single varactor diode rather than the 4 diodes used elsewhere on the antenna.  
That particular stub does not require a 3-terminal device for DC to be isolated 
from the SMA connector as shown in the positions of voltage and ground 
connections in the figure.  The consequence of having the single diode rather 
than 4 is approximately 2 dB less isolation,  and 0.2dB better insertion loss.  
The bandwidths listed in Table 4.2 are intentionally designed to  overlap so that 
the overlapping continues even through perturbations that will come about 
when the DC bias system is included.  The total bandwidth projected by the 
model before inclusion of DC biasing scheme is 56.5%.  
4.5 DC Biasing Scheme 
The methods used to bias the 4-band antenna will be similar to those 
which proved successful for the L−band specimens.  High impedance lines will 
be routed in a sawtooth pattern underneath the patch substrate and will connect 
to the DC voltage pads on the top side of the substrate through conducting vias.  
Table 4.2 Reconfiguration States of UHF Pixel Patch Antenna 
 
 L W L W Stub Length Bandwidth 
 (Pixels) (Pixels) (mm) (mm) (mm) (MHz) 
Extra−Highband 3 7 52 130 12.8 575 − 760 
Highband 5 7 91 130 17.8 525 − 650 
Midband 9 7 169 130 25.8 469 − 550 




The high impedance lines are intended to be fabricated with graphite fibers as 
used previously but will be approximated in the HFSS model as 0.1mm wide 
impedance boundaries with values of 3 Ω/sq.  As the element is intended to be 
implemented as an array, the biasing scheme will be organized in a manner so 
that it could be connected to an adjacent element in a daisy chained fashion.  
DC bias wires are present and modeled in an identical manner as was analyzed 
for the L−band element.  The simulated element is above a 500 ×500 mm 
ground plane.  The layout of the high impedance biasing traces is shown in 
















DC Bias Wires 
(d) 
 
Figure. 4.10 DC biasing used in the simulation model for the UHF pixel patch: (a) Voltage 
lines on underside of patch substrate, (b) Ground lines on top side of patch substrate, (c) 




4.6 Simulation Results 
The simulated S11 response of the 4 band UHF pixel patch is shown in 
Fig. 4.11. 
 
The model is fully developed with the complete complement of varactor diodes 
modeled as RLC boundaries, high impedance biasing traces modeled as 
impedance boundaries, and DC biasing wires.  Included is a 1.3mm superstrate 
separated from the patch substrate by a 2mm air gap.   The model predicts a 
total -10dB S11 coverage from 430−750 MHz for a bandwidth of 54%.  
Simulated radiation patterns are shown in Fig. 12.  The gain values for the 
patterns are 7.5dB, 6.8dB, 5.1dB, 3.1dB for the EHB, HB, MB, and LB 
respectively.  Due to time constraints, a standalone UHF pixel patch 
experimental specimen was not fabricated.  The S11 reconfiguratio n of the 













 (a)  (b) 
 (c)  (d) 
 
Figure 4.12 Simulated radiation patterns from the UHF 4−band varactor reconfigurable 
pixel patch antenna: (a) Extra−Highband at 700 MHz, (b) Highband at 600 MHz, (c) 
Midband at 500 MHz, (d) Lowband at 430 MHz. 
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CHAPTER 5
UHF VARCATOR RECONFIGURABLE PHASED ARRAY ANTENNA 
5.1 Introduction 
A UHF array was designed and fabricated using the previously presented 
UHF pixel patch element.  The considerations for the array were that it be 
linear and broadside and demonstrate beam scanning for all reconfiguration 
bands. Furthermore, a 5ft size constraint was also added to conserve time and 
fabrication cost.  Although the original intent  was to procure a phase shifter 
and then connect with the array, a wideband commercial phase shifter at UHF 
band could not be found.  Hence, a simple phase shifter was designed and built . 
The phase shifter is considered as an accessory here  and an innovation is not 
being claimed in that . The innovations in our work lies in the the varactor 
reconfigurable 4-band UHF reconfigurable antenna element design, the phased 
array design, and their experimental implementation  and validation.   
It is well known that the radiation characteristics of an array are 
governed by the Array Factor (AF) and the element factor [68].  The total 
pattern is given by the product of the two which is called pa ttern multiplication.  




with wave number k, element spacing d, desired steering angle 𝜃, and 
progressive phase shift 𝛽.  An important point to note is that 𝜃 is considered 
to be the angle of elevation from the axis in which the array resides rather than 
the angle of deflection from broadside.  This may seem unintuitive when an 
array of patch antennas is being considered, as steering angles are often 
considered as deflections away from broadside.  Regardless, setting 𝜃 =90° 




When 𝜓 = 0 is placed in (5.1), the array factor reaches a maximum.  Thus, for 
an array of uniformly spaced and uniformly excited  linear elements to have its 
maximum value normal to the plane of the array, the progressive phase 
excitation for all elements needs to equal 0.  An additional consideration to 
this calculation is when the spacing between elements, d, is evaluated. If the 
center distance separation between elements is allowed to be an integer 
multiple of the wavelength, (5.2) is evaluated thus:  









𝜓 = 𝑘𝑑 cos𝜃 + 𝛽 ቤ
⬚
𝜃 = 90°







When 𝜓 = ±2𝑛𝜋 is inserted into (5.1), the array factor again reaches 
maximum value.  This means for a uniform array with uniform phase excitation 
and element separation of integer multiples of the wavelength, the array factor 
will have maxima directed along the axis of the array in addition to the 
broadside maxima.  This scenario must be avoided if possible.   
Based on simulation of the UHF pixel patch element, the maximum 
frequency of the EHB will not exceed 750 MHz.  We then know that the 
absolute maximum spacing between elements must be less than 400mm, which 
is a full wavelength at 750MHz.  From an array factor standpoint, it would be 
ideal if the spacing between elements could be 𝜆/2.  This is because when the 
above equations are evaluated at 𝛽=0 and 𝑑=𝜆/2, the array factor attains a null 
at the horizon as well as having a narrow −3dB beamwidth.  Deviations away 
from 𝑑=𝜆/2 spacing in either direction will be to the detriment either horizon 
radiation or beamwidth.  Increasing the distance beyond half wav elength will 
cause the −3dB beamwidth to become narrower, but the array factor will no 
longer have a null at the horizon as the Grating lobes begin to form.  As the 
distance between elements decreases below half wavelength, the null at the 
horizon is again lost due to shifting of the minor lobes and the beam width 
begins to increase.  This increased beamwidth will become even more 
𝜓 = 𝑘𝑑 cos𝜃 + 𝛽 ቤ
⬚
𝛽 = 0, 𝑑 = 𝑛𝜆, 𝑛 = 1, 2, 3 …
 
 
    = 2𝜋𝑛 cos𝜃 ቤ
⬚
𝜃 = 0°, 180°





pronounced when the beam is scanned away from broadside.  These are 
important considerations due to the antenna element expected  to be broad band 
with nearly 2:1 bandwidth.  Any element spacing selected will be nearly twice 
as long electrically at 750MHz as it will be at 400MHz, so clearly 𝑑=𝜆/2 is not 
possible for all frequencies.  A choice will need to be made balancing the 
effects of setting 750MHz at a distance 𝜆 > 𝑑 ≥ 𝜆/2 where the Grating lobes 
will begin to form and setting 400MHz at a distance 𝜆/2 > 𝑑 which will cause 
the beamwidth to increase.   
It must also be kept in mind that the array will be a ph ysical object 
occupying space.  The maximum allowable length for the array was set at 5ft.  
The more elements that can be fit in the 5ft length, the better the array 
performance will be in terms of gain and beamwidth.  From this standpoint, 
there are 1524mm in 5ft.  The width of the antenna element is 130mm.  If the 
spacing was set at 150mm, 10 elements would easily fit within the allowed 
length.  The consequence to the array factor would be that the electrical length 
would vary between 𝜆 2.67Τ > 𝑑 > 𝜆 5Τ  from 750MHz to 400MHz with Grating 
lobes beginning to form for the EHB, and beamwidth increasing for the LB.  
However, an array of 10 elements may provide enough gain and a focused 
enough beam that the presence of partially formed Grating lobes and increased 
beam width may be tolerable.  
Unfortunately, designing the array by simply maximizing the number of 
elements in the given length would be a naïve approach in that it neglects the 
effects of mutual coupling between the elements.  While this array is not being 
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designed with MIMO communication schemes in mind which would bring 
about an emphasis on mutual coupling reduction, the array still needs to be 
designed so that the elements will maintain their individual S11 responses in 
the presence of each other.  The mutual coupling must be acceptable, even at 
its most pronounced, over all the operating frequencies.  We made an initial 
estimate that −10dB or less coupling between elements should be acceptable 
to maintain the impedance response of the individual element s when they are 
placed in the presence of each other.  
The approach for determining the element spacing and finalizing the 
array design was as follows.  Parametric simulations were performed on a pair 
of LB and a pair EHB elements.  In both cases, the spacing between the two 
elements was incrementally increased until S21 computed at the two ports of 
the element pairs reached below −10dB for all frequencies.  These results were 
evaluated based on mutual coupling and S11 response of the antenna elem ents 
and a nominal value for element spacing was obtained.  This spacing could 
then be used to determine the number of elements able to be fit within the 
available 5ft length.  With the spacing and number of elements known, the 
array factor was evaluated to check predicted sidelobe behavior and beam 
steering ability.  After the array factor behavior was deemed satisfactory, the 
progressive phase shifts needed to achieve the ±35° scanning away from 
broadside were calculated.  A series of delay lines forming the phase shifter 
were then designed and simulated to provide the required progressive phase 
shift.  With number of elements, element spacing, and required phase shifts all 
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known, four array models, one for each frequency configuration, were created 
in HFSS and included all array elements with all varactor switches but with 
DC bias lines omitted to reduce simulation time.  These models were analyzed 
for element S11 response in the presence of the array, mutual coupling between 
elements, and array radiation pattern behavior at broadside and broadside 
±35°.  After demonstrating satisfactory impedance and radiation performance 
in the simplified form, a second series of comprehensive array models were 
created which included all elements and varactors and all DC biasing traces.  
These models were analyzed for impedance and radiation pattern response, 
after which the decision was made to create an experimental specimen for the 
array which demonstrated full frequency reconfiguration in four bands with 
broadside and 35° beam deflection verified across all frequencies.  The 
specimen was fabricated and measured for S11and mutual coupling with a 
VNA, after which pattern characteristics were measured in a Satimo anechoic 
chamber.  The following sections will present the details and findings of the 
described design steps. 
5.2 Element Spacing 
The method used to determine the spacing between array elements was 
to create a HFSS model with two pixel patch antennas separated by a distance, 
d, where d is the center to center distance between the two elements as shown 
in Fig. 5.1.  The distance between elements was allowed to vary between 
160mm and 300mm in 10 to 20mm increments.  Considering that the antenna 
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elements are 130mm wide, those center to center distances correspond to 30mm 
to 170mm edge to edge spacing between elements.  This process was performed 
once for two antennas in the Lowband configuration, and once for two antennas 
in the Extra−Highband configuration.  Only those two bands were analyzed, 
as it was considered likely that the worst cases of coupling would occur 
towards the boundaries of the array frequency range.  The simulation results 
showing S11 and S21 response for the LB and EHB are shown in Fig. 5.2 and 
Fig. 5.3. 
From the simulation results the following observations can be made.  
First, from Fig. 5.3 it can be noted that the frequencies of peak coupling 
between elements are predicted to be 460MHz and 625MHz for the LB and 
EHB respectively.  However, even these points of maximum coupling satisfy 








and greater, corresponding to a 𝜆 3Τ  spacing between elements center to center.  
Reviewing the S11 plots of Fig. 5.3 indicates 10dB of isolation between 
elements is in fact insufficient.  Fig. 5.3(a) shows the resonant frequency of 
the LB being a function of distance between elements at 160mm and continues 
to be until the separation reaches approximately 240mm.  Allowing the 
distance between elements to be close enough that the Lowband resonant 






Figure 5.2 Simulation results showing mutual coupling between two elements based on 
variation in element spacing: (a) Lowband, (b) Extra-Highband. 
 
 
Figure 5.3 Simulation results showing S11 response of an element based on proximity to 







greater concern is found in examining Fig. 5.3(a).  Between 670 and 680MHz 
there is a region for which the S11 is only just below −10dB at 160mm spacing.  
The concern is that if this simplified model predicts a dip in the S11 coverage 
which is close to −10dB, once additional elements and DC bias traces are 
included those values which are −10dB now have the potential  to no longer be 
at that standard of impedance matching.  The consequence of this being a 
potential dual band response rather than continuous frequency coverage.  
The thought process behind deciding on a value of d was as follows.  
While it is entirely possible that including DC biasing traces along with 
additional elements will have a deleterious effect on the EHB in the proximity 
of 670MHz, the extent to which that occurs, if at all, cannot be determined 
until a more developed model is created.  Developing a more substantial model 
requires implementing some value for the spacing between elements, so a best 
approximation judgement based on these simulation results is needed to use as 
a starting point for further analysis.  It was decided to use a spacing of 200mm 
as this starting point.  The isolation between elements at 200m m increases to 
15dB and greater which provides some margin in case the coupling between 
elements becomes more pronounced for a more complete model.  There is also 
a certain amount of synergy between 200mm spacing and the number of 
elements which can fit within a 5ft length.  Six elements with a center to center 
spacing of 200mm will be almost exactly 5ft in length if the ground plane on 
each end of the array is taken into consideration.  In terms of effect on the 
array factor, 200mm is 𝜆 2Τ  at 750MHz and  𝜆 3.75Τ  at 400MHz. This means that 
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Grating lobes will be eliminated from the entirety of the bandwidth, but the 
main beam of the array will demonst rate increased beamwidth towards the 
Midband and Lowband.  A compromise being required with regard to array 
factor was foreseen and trading a fatter beam in the lower frequencies for a 
lack of Grating lobes is an acceptable situation at this point in the design 
process.  Thus, a center of center distance of 200mm will be used in the further 
design of the array and will be adjusted only if there is a glaring problem with 
impedance and coupling observed in future, more complete, models.  
One additional area of investigation afforded by the data of Fig. 5.2 is 
if a MIMO system was in consideration, what would be the potential spacing 
to satisfy a greater than 20dB isolation between elements requirement.  In this 
case, the point of maximum coupling is 460MHz in the Lowband.  At that 
frequency, a S21 value of −20dB is only satisfied when spacing reaches 
between 280 and 300mm.  This equates to between 150 and 170mm edge to 
edge gap between antenna elements and approximately 𝜆 2.5Τ < 𝑑 < 𝜆 1.33Τ  
separation in terms of wavelength.  There would therefore be significant side 
lobes directed along the horizon for much of the bandwidth of the array, 
although the main beam would be substantially narrower in the lower 
frequencies than it will be at 200mm spacing.  Also, for the 5 ft limit to array 
length, only 5 elements would fit at 300mm spacing rather than 6 which will 
have its own effect on directivity and beam width.  Due to the formation of 
Grating lobes and reduced element number, this element design may not be 
attractive as a MIMO system without needing further work to decouple the 
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elements from each other.  It may be that a filter between antenna elements to 
increase isolation for trouble frequencies would suffice, or perhaps an 
engineered mushroom structure between elements could be used to decouple 
the elements.  Regardless, while an investigation along these lines is likely 
warranted, the thrust of this document is not in the direction of a MIMO system 
and will not be considered further.  
5.3 Array Factor Evaluation 
With nominal values for number of elements and element spacing 
known, the array factor for the proposed array can be evaluated.  Of particular 
interest are the resultant peak directivities with the beam at 0° and steered to 
35° scan angle from broadside, half power beam width, and radiation at the 
horizon (±90° from broadside).  The array factor can be evaluated directly if 
the proper value of 𝛽 is used.  A scanning array will have the following 
adjustment made to the array factor to account for a pro gressive phase 
excitation of the elements which will direct the beam to a direction elevated 
above the plane of the array, 𝜃0: 
 
 
Incorporating that term into the array factor, the array factor for the proposed 
array at a specified frequency is then  
ψscanning = 𝑘𝑑 𝑐𝑜𝑠𝜃 + 𝛽 ቤ
⬚
𝜃 = 𝜃0






Evaluating (5.6) over a range of 0 ≤ 𝜃 ≤ 𝜋 will provide side lobe and 
null behavior, half power beam width, and radiation directed toward the 
horizon at a specified frequency.  The array factor can also be used to 
determine values for directivity and gain for an antenna element with a known 
radiation pattern.  Fig. 5.3 shows plots generated with Matlab of the array 
factor at 𝜃0 = 90°, 55° from 0 ≤ 𝜃 ≤ 𝜋 at 1° increments for selected frequencies. 
 
The various figures of merit for the array factor are cataloged in Table 5.1, 
















Figure. 5.4 Normalized plots of the array factor for proposed array plotted over 0 ≤ 𝜃 ≤





with gain values obtained by pattern multiplication of the array factor with the 
simulated element gain values of Fig. 4.11. 
5.4 Phase Shifter Design  
The goal of the phase shifter design was to obtain the required 
progressive phase excitations for  the 0° and ±35° beam steering with 6 
elements across the bandwidth of the array.  The phase shifter was not intended 
to serve as a structural article, and therefore the full range of typical RF 
substrates were available for consideration, with photo chemical etching being 
the intended fabrication method.  The considerations for the substrate were for 
it to have as low of tan𝛿 as possible, and for the combination of 𝑟 with 
substrate thickness to allow the trace width of the delay lines to be about 1mm 
when matched to 50Ω.  The 1mm trace width was chosen so that the delay lines 
would be easier to connect with a commercial SP3T switch in a small package 
without requiring tapering of the transmission lines.  
The substrate material chosen was Rogers RO4003 ( 𝑟 = 3.55, tan𝛿 =
0.0027) with a thickness of 0.508mm which is a commonly available thickness 
 700MHz 600MHz 500MHz 430MHz 
 0° 35° 0° 35° 0° 35° 0° 35° 
-3dB BW 18° 23° 22° 27.5° 26° 32.5° 30° 39° 









AF @ 𝜽 = 𝝅 (dB) -13.3 -18.6 -22.5 -17.4 
Peak Gain (dB)  16.1 12.6 15.2 11.9 13.0 9.9 10.2 7.2 
 




from PCB manufacturers.  The characteristic impedance ( 𝑍0) of a microstrip 
line for trace width (w) and substrate height (t) can be calculated via [69] 
 
 
which gives the characteristic impedance of a RO4003 substrate 0.508mm thick 
with a 1mm wide microstrip line as being 54.35 Ω. 
The amount of delay which the phase shifter lines must provide is found 
by the previously mentioned (5.2)  
 
 
which for the desired steering direction 𝜃0, will provide the required 
progressive phase shift in radians that the delay lines must provide specific to 
a given frequency.  The delay lines themselves will have an electrical length 
given by 
 
where 𝜆𝑒𝑓𝑓 is the effective wavelength of the microstrip line,  and is given by 
𝜆 √ 𝑒𝑓𝑓Τ .  The question of how long the physical length of the delay lines must 













√ 𝑒𝑓𝑓ሾ𝑤 𝑡Τ + 1.393 + 0.667 lnሺ𝑤 𝑡Τ + 1.444ሻሿ
 





𝛽 = −𝑘𝑑 cos𝜃0 = −
2𝜋
𝜆
𝑑 cos𝜃0 (5.8) 
 
 
𝜙 = 𝑘𝑙 =
2𝜋
𝜆𝑒𝑓𝑓







Conveniently, when the progressive phase excitation needed by the array 
is set equal to the electrical length provided by the delay lines, the wavelength 
cancels out and leaves the resulting quantity independent of frequency.  What 
remains is a function of the element spacing of the array, th e steering angle, 
and the effective permittivity of the delay lines.  Thus a single set of delay 
lines will serve to excite the array across the full bandwidth.  Performing the 
calculation shows that 1𝛽 is provided by a 70mm physical length of microstrip 
line for all frequencies of the array.  Table 5.2 shows the calculated progressive 




The completed model for the phase shifter is shown in Fig. 5. 5 with 
simulation results shown in Fig. 5.6.  The progressive phase excitations as 
predicted by the simulation are tabulated at selected frequencies in Table 5.3.  
The microstrip line mitered bends were made according to [70].  The delay 
lines were intended to be electronically controllable through SP3T switches, 
















70mm 140mm 280mm 350mm 420mm 
750 106° 209° 314° 418° 523° 
600 83° 167° 251° 335° 502° 
500 70° 139° 209° 279° 348° 
400  56° 112° 167° 223° 279° 
 




will not be discussed in detail.  The switches are not represented in the model 
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Figure 5.5 Simulation model of the designed phase shifter. 
 
 
Figure 5.6 Simulated results for the phase shifter of Fig. 5.4. 
Frequency Array Element 
(MHz) Patch 1 Patch 2 Patch 3 Patch 4 Patch 5 Patch 6 
750 -111° -227° -341° -462° -571° -687° 
600 --89° -182° -273° -370° -457° -549° 
500 --74° -151° -228° -308° -381° -457° 
400 --59° -121° -183° -247° -306° -367° 
 




end of the delay lines.  The actual simulated values show minor deviation from 
what was expected from the calculations.  The largest error occurs with the 3𝛽 
delay line which is approximately 7% longer electrically than intended.  
Nevertheless, the values predicted by the phase shifter model are close enough 
agreement that verification of the phases by insertion into an array model is 
justified.  If further analysis shows that the phase delays produced by this phase 
shifter are not precise enough to achieve convincing beam steering in the array 
model, adjustments can be made in such a case.  The loss presented by the 
phase shifter is quite low, ranging from less than 0.1dB for the shortest line at 
400MHz, to 0.68dB for the 5β line at 800MHz. 
5.5 Simplifed Array Model (No DC Bias) 
While there are quicker and less computationally intensive methods of 
simulating the array behavior than creating a full-scale model in HFSS, at this 
point it was deemed prudent to make a 6 element model of the array which 
would begin to mirror as closely as possible what an experimental s pecimen 
would be.  Ultimately, a full model would be required anyway as approaches 
of analyzing the array based on applying the array factor to a unit cell will not 
allow for a realistic appraisal of the DC biasing scheme in the context of the 
full array.  There was also some concern involving the interaction of the 
coupling slots with each other when placed on the same ground plane, resulting 
in none of the coupling slots having the same area of unperturbed ground plane 
surrounding the slot as they do in the element model of Fig. 4.11.  Both of 
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these concerns cannot be satisfied by array factor evaluation and are best 
resolved using a full 6 element model.  However, this entails creating a nearly 
5ft long model which has its smallest dimensions described with a scale of 
1 10Τ mm which may prove challenging for the simulation computer to create a 
mesh for.  Additionally, there are a total of 1080 varactors required for the 6 
element array. Each varactor is modeled as a capacitance boundary in series 
with a 2.5Ω resistance boundary making for a total of 2160 RLC boundaries 
needed in the model.  What results from these  considerations is a simulation 
model which requires a significant amount of time to run, making iteration 
challenging simply based on the time investment of running the model.  It was 
decided to create a simplified model first, which would not have a superstrate, 
DC biasing traces, or DC biasing wires, but would have all 6 elements sharing 
the same ground plane along with the full complement of varac tors.  This was 
so that we could have a reasonable approximation of array beam steering 
capability with the phases provided from the simulated phase shifter along with 
checking the performance of the array elements while on the same ground plane 
without getting bogged down trying to simulate the DC biasing traces and 
wiring. 
The simulation model is shown in Fig. 5.7.  The model occupies a 
volume measuring 1500×500×803.2mm with a center to center spacing for 
array elements of 200mm and the full complement of varactor diodes.  The 
resulting mesh was 1.9 million elements for the LB and required several hours 
for an interpolating sweep to complete.  The simulation results are shown in 
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Fig. 5.8 through Fig. 5.10 and include element S11, coupling between adjacent 













Figure 5.8 Simulated S11 results from the simplified 6−element varactor reconfigurable 








Figure 5.7 Simplified simulation model of the proposed array.  Dimensions in millimeters. 
120 
 
 An observation of note is that it appears from the S11 and coupling 










Figure 5.9 Simulated mutual coupling between antenna elements from the simplified 
6−element varactor reconfigurable array: (a) EHB, (b) HB, (c) MB, (d) LB. 
 (a)  (b)  (c) 
 
Figure 5.10 Simulated realized gain patterns from the simplified 6−element varactor 
reconfigurable array: (a) EHB, (b) HB, (c) MB, (d) LB. 
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evidence that the elements are interacting with each other resulting in a 
perturbation of S11.   For all bands, the S11 results for patches 1 and 6 (the 
two end elements) show somewhat better impedance matching than the central 
patches.  This would be due to the two end elements only being bounded by 
one adjacent element, rather than two as are the central elemen ts.  However, 
judging from the previously discussed element spac ing test, it would likely 
require increasing the distance between elements by another 20 to 40mm for  
this to no longer be the case, which would significantly increase the total length 
of the array.  Also of note is that while the beam is convincingly directed 
towards ±35° throughout the entire frequency range, at 420MHz it has begun 
to lose definition due to fattening of the main lobe.  This fattening is the 
consequence of allowing the array factor to be implemented with 𝜆 2Τ > 𝑑 ≥
𝜆 4Τ  spacing.  For proof of concept research, the beam steering is still 
acceptable at 420MHz.  However, to decrease even further in frequency while 
maintaining the same main beam direction would likely require either an 
increase to element spacing for the lower frequencies, or an increase in 
elements to form a narrower main lobe.  
5.6 Final Model with DC Biasing 
There were two main options being considered for how to implement the 
DC biasing network for the proposed array.  One option would be to create 
connections for each element to receive voltage directly from the DC power 
supply.  From a DC circuit point of view, the elements would be connected in 
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parallel with each other using this method.  The second option would be t o 
install the bias lines so that the elements were connected in series with each 
other.  The power supply would be connected to only one of the end elements 
with this scheme.  Each option has pros and cons associated with it.  The 
parallel scheme could be viewed as more robust, as a break in the bias lines 
for one element would not affect the others, resulting in the array retaining 
some measure of functionality.  The elements would all be individually 
reconfigurable, which potentially could aid in trouble shooting if a completed 
array required maintenance in the future.  The down side to the parallel 
connection method would be an increased number of DC bias wires and the 
routing of the biasing traces diverging from what has been successfully 
demonstrated with previous experimental specimens.  This could potentially 
create negative consequences for the impedance matching of the elements, and 
hence radiation efficiency.  The series connection scheme could be 
implemented in a way that more closely resembles the  sawtooth scheme for the 
L-band and UHF pixel patch elements, bringing about a higher level of 
confidence in the impedance response of the elements.  The drawback is that a 
break in the DC bias line in one element will affect not only that element, but 
each subsequent element further away from the DC power supply.  
While it would be desirable to create models of both methods and 
compare the RF properties of the two biasing schemes, for reasons previously 
mentioned the array model is difficult to  iterate with.  It was decided to 
implement the series connection scheme for the elements, and only deviate 
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from that in the case of unresolvable challenges which might arise.  Although 
the increased reliability of the parallel scheme is appreciated, it wo uld be a 
stronger argument if what was being designed was an actual product which 
would be implemented with some real-world mission in mind.  However, for a 
proof of concept research project, long term reliability is not as strong of a 
concern.  We are most interested in RF performance with the minimum amount 
of time investment allocated to simulations.  The series connection scheme was 
viewed as superior in this light.  The DC bias lines are shown  in Fig. 5.11 with 
the lines modeled in the same manner as p reviously with 0.1mm wide 
impedance boundaries.  The connections to the DC power supply will only be 
made on one end of the array, but the DC bias lines have been designed to try 
and maintain a measure of symmetry and so extend to the edges of the coupon 
on both sides of the array.  The 1.3mm superstrate separated from the patch 
substrate by a 2mm air gap is also present in the model.  
The final round of simulation results are shown in Fig. 5.12 through 5.14 
and Table 5.4.  Considering the simulated S11, it appears that the inclusion of 
the biasing traces did not radically affect the LB o r EHB configurations when 
compared to the S11 simulations from the simplified model of Fig. 5. 8.  The 
HB and MB however do appear to negatively react to the presence of the 
biasing lines and show deteriorated bandwidth.  There also were significant 
changes to the element to element coupling between the two models, with the 
complete model showing significantly reduced coupling for all bands  as seen 
in Fig. 5.13.  This difference is somewhat unintuitive, as it is  difficult to 
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furnish a theory as to why the introduction of the biasing lines would reduce 
the coupling between elements.  The radiation patterns of Fig. 5.14 show that 
the array retains beam steering ability in the presence of the DC bias traces, 
with the only negative consequence observed being an increased beamwidth 
for the Lowband when directed to -35°.  The simulated gain values of Table 
5.4 predict a peak gain for the array of approximately 14dB and all gain values 
being above 8dB with the main beam scanned to 35°.  There was very little 
evidence showing a deterioration of gain between the model with DC bias and 
the model without.  There is a 1-2dB reduction in gain between the full model 
 
Figure 5.11 Layout of the DC bias lines (in blue) and DC power connections for the 
proposed array with the width of the bias lines exaggerated for clarity: (a) Sawtooth lines 
on underside of patch substrate, (b) DC ground lines on top side of patch substrate, (c) 


































results of Table 5.4 and the gain values listed in Table 5.1 .  Considering that 
the difference in gain between the two 6-element models is minimal, it seems 
likely that the 1-2dB gain difference between the array factor applied to an 
element and the full 6 element model involves the interaction of the coupling 
slots with each other while located on the same ground plane.  
In summary, what is predicted by the fully developed simulation model, 










Figure 5.12 Simulated S11 results from the complete 6−element varactor reconfigurable 















Figure 5.13 Simulated mutual coupling between antenna elements from the complete 
6−element varactor reconfigurable array with DC bias and superstrate: (a) EHB, (b) HB, 
(c) MB, (d) LB. 
 (b)  (a)  (c) 
 
Figure 5.14 Simulated realized gain patterns from the complete 6−element varactor 
reconfigurable array with DC bias and superstrate: (a) EHB, (b) HB, (c) MB, (d) LB. 
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of 52% on a coupon which is 𝜆 10Τ  thick at 600MHz.  The gain should range 
from above 8dB to 14dB approximately, with the main lobe demonstrating 
beam steering capability to ±35° across the full range of frequencies.  The 
major concern involves the impedance matching for the HB and MB of Fig. 
5.12(b) and (c).  Further consideration leads to the hypothesis that the 
worsened impedance matching for the HB and MB will not likely be present in 
an experimental specimen in the same manner as shown in the model.  First, 
there will be more losses present in an experimental specimen, which will 
cause the reflection coefficient to be reduced, and hence improve the S11 
response.  Second, it was observed from the final L−Band experimental 
specimens that the graphite bias lines are only roughly approximated by the 
sheet resistance impedance boundaries used in the simulation models.  It 
simply does not make sense to conclude that an experimental specimen is not 
justified due to the simulation model showing S11 values of −6dB as opposed 
to being below −10dB.  There has never been a strong enough correlation 
between experimental and simulated results to make fine tuning the simulated 
S11 ±1-2dB here and there justified.  
 750MHz 600MHz 500MHz 420MHz 
 0° 35° 0° 35° 0° 35° 0° 35° 
-3dB BW 16° 20° 21° 24° 24° 27° 28° 31° 
Peak Gain (dB) 13.9 13.0 13.2 10.7 11.5 8.8 10.8 9.0 
 




Taking this train of thought into account, the path going forward was 
decided.  The final simulation model is acceptable across all parameters, with 
only some concern being present for the impedance matching of the HB and 
MB.  A full 6 element experimental specimen is therefore justified.  The 
following section will detail the fabrication process and experimental results 
of a complete 6 element, 4 band varactor reconfigurable UHF array.   
5.7 Array Fabrication and Testing 
A. Introduction 
Throughout the course of this research, the thrust has been to create 
structurally integrated antennas, ideally with additively manufactured 
conducting traces on structural composite panels.  A significant amount of time 
and thought has been expended on making this goal a reality, and the 
techniques were successfully demonstrated on the L−band structural antenna 
in Chapter 3.  Due to cost and time constraints  the experimental UHF phased  
array will not be fabricated  as a structural specimen.  To appreciate the 
challenges of such an effort here are some details:  (1) large 1500×500mm 
E−glass epoxy composite laminates need to be made, (2)  conducting traces 
need to be printed on them, and (3) the oven curing of the complete ensemble 
containing switches will require a large oven .  To circumvent these challenges 
yet demonstrate the array performance the array was fabricated using 
commercially etched FR4 PCB substrates . The entire array was fabricated 
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using multiple sections each measuring 200mm×500mm that could  fit within 
the oven in our lab.  To create a good approximation of the RF properties of a 
structural array, the PCB substrates were bonded onto the foam core using 
structural epoxy.  The separate sections of the array w ere then placed on a 
frame to elevate them above whatever surface the array was resting on and to 
support the array itself.  This method also required electrical connections to be 
made so that the DC bias lines were continuous from one end of the array to 
the other. 
Fig. 5.15 shows the general fabrication plan. 
 
While bonding the FR4 panels to the foam core, it is important to maintain the 
proper alignment between the coupling slot and the center of the pixel patch.  
This was done by inserting wooden dowels in locator holes in the four corners 
of the PCB panels.  The dowels were driven through the foam core and left in 
 
5” foam spacers 
150mm extensions to Groundplane 
1 4Τ " wood pegs for alignment 
500×200mm PCB  
panels 
Wood supporting base 
 
Figure. 5.15 Drawing of the plan for constructing the array.  Not shown are copper wire 
connections which will be used to bridge the DC biasing lines from one coupon to the next, 





place while the epoxy cured.  Additionally, the 200mm wide ground plane 
panels did not account for the lengths of ground plane which extended beyond 
the two outer most elements.  The exact effect that this missing length of 
ground plane would have on array performance was not studied.  However, the 
simulation model does have the extra length of ground plane, so prudence 
dictates that two 150mm wide ground plane extensions be included for the 
experimental prototype.  Preliminary testing indicates that the UHF elements 
require at least 4” elevation above the surface that they are resting on, 
otherwise aberrant resonances manifest  in the S11 response due to interactions 
between the back radiation of the slot and the surface.  Foam spacers w ere used 
for this purpose, with the entire structure being supported by a wooden or 
plastic base.  During the construction of the individual elements, the graphite 
bias lines were terminated to short lengths of copper wire.  These copper wires 
were then soldered from one element to the next so that the graphite lines 
became continuous from one end of the array to the other.  
B. Element Fabrication 
The method of building the elements is very similar in nature to what 
was done for the L−band structural coupon of Chapter 3, less the additional 
process steps required to prepare the additively manufactured conducting 
traces.  Each element was built one at a time and measured for S11 before 
proceeding to the fabrication of the next element.  The first step was  to install 
the graphite DC bias lines on the underside of the patch substrate using 
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conductive epoxy to make electrical connections, and then structural epoxy to 
protect the fibers.  The patch substrate and ground plane substrates were then 
bonded to the Rohacell foam core (31 HF) using Loctite EA 9396 Aero 
structural adhesive.  After curing, the graphite lines serving the patch ground 
connections and all feedline connections were installed.  At every location 
where a graphite line required connection to a conducting trace, the connection 
was made through a 1MΩ lumped component resistor.  These resistors along 
with the resistors on the pixel patch voltage pads sho wn in Fig. 4.9(b) were 
then placed, followed by the varactors on the pixel patch.  The resistors and 
varactors on the feedline were instrumented last,  after which the element was 
tested for S11 and set aside to await integration into the array.  The measured 
S11 results from the individual elements are shown in Fig. 5.16. 
The S11 results show that the elements have remarkably similar 
impedance responses considering the number of lumped components and 
amount of graphite bias lines which were installed by hand for each element.  
The first elements to be fabricated were Patch 1 and Patch 2, and some 
deviation in S11 for those two elements exists which can b e attributed to 
ironing out the exact manner in which to bond the FR4 to the foam core.  The 
slightly lower frequency response for Patch 1 in the EHB and HB plots indicate 
that there was an overabundance of structural epoxy used during the bonding 
process.  Patch 2 is known to have a slight misalignment (10° approximately) 
between the coupling slot and the pixel patch which is likely the cause of the 
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lower frequency bands having a slightly higher frequency response than the 
other elements. 
C. Phase Shifter Fabrication 
The panels for the phase shifter were also commercially etched with the 
material and artwork as detailed in Section D.  Connections from the phase 
shifter to the array was made via SMA cables, with a 1:6 power divider .  While 
SP3T RF switches were identified and purchased, actual physical 










Figure 5.16 Measured S11 results from the six elements before integration into an array: 
(a) EHB, (b) HB, (c) MB, (d) LB. 
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never approaching the values indicated on the datasheet.  Due to time 
constraints not permitting the aberrant behavior to be investigated, the SP3T 
switches were removed and copper tape used to create shorts to the correct 
delay lines so that a 35° steering angle could  be realized.  Pictures of the 
completed delay lines are shown in 5.17, with measured results from the phase 
shifter shown in Fig. 5.18 and Table 5.5. 
 
In general, the provided phase shifts are consistent with expectations.  There 
exists a small error in the Patch 4 line which manifests itself as 10° more delay 
at 400MHz than intended.  The measured delay for frequencies 500MHz and 
above is correct for that line, however.  It should be noted that due to the 
location of the excitation ports in the simulation model, the total length of the 
simulated lines was between 19mm and 23.8mm shorter than what exists for 
the physical specimen.  The result of this is the physical phase shifter 
demonstrating approximately 5° 100MHzΤ  more delay for all lines.  This 
  
0 β 2β 3β 4β 5β 
 





additional delay is consistent for all lines however, so will not affect the 
steering angle of the array.  
Frequency Array Element 
(MHz) Patch 1 Patch 2 Patch 3 Patch 4 Patch 5 Patch 6 
750 -150° -260° -375° -512° -607° -728° 
600 --120° -209° -300° -412° -486° -582° 
500 --100° -174° -250° -345° -405° -485° 
400 --80° -139° -200° -268° -324° -387° 
 









Figure 5.18 Measured results from the presented phase shifter: (a) S11, (b) S21 loss, (c) 
S21 delay in degrees. 
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D. 4 Band Varactor Reconfigurable Array Experimental Results 
Photographs of the completed array are shown in Fig. 5.1 9 with 
measured S11 results shown in Fig. 5.20. 
 
The measured S11 of the array elements as they appear when integrated in the 
array is slightly lower in frequency than expected, with the uppermost edge of 
the EHB response reaching 720MHz, and the lower end the LB extending to 
















Figure 5.19 Photographs of the UHF varactor reconfigurable array: (a) Top down view, 
(b) Side view of elements showing foam risers and supporting base, (c) Length of array, 
(d) View of an element with connections linking the DC bias system from one element to 
the next, (e) View of varactor diodes and RF block resistors, (f) Device under test on 





amount of dielectric loading than what was present in the simulation model or 
for the individual element measurements.  All array measurements include a 
3mm thick FR4 superstrate in addition to the intended 1.3mm superstrate with 
2mm foam spacer.  The extra dielectric was included due to the S11 response 
of the EHB at 650MHz being approximately -6dB without the additional 3mm 
superstrate.  The S11 response at 650MHz is brought much closer to -10dB 
with the additional dielectric so that the frequency coverage is continuous from 










Figure 5.20 Measured S11 results of the array elements as they appear in the presence of 
the array: (a) EBH, (b) HB, (c) MB, (d) LB. 
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5 are shown in Fig. 5.21(a), and the mutual coupling between Patch 3 and Patch 
4 is shown in Fig. 5.21(b). 
 
 
Measured peak gain versus frequency plots for broadside and 35° beam 
deflection are shown in Fig. 5.22. 
 
Also included are measured loss data for the 6:1 coupler and the  two cables 






Figure 5.21 Measured S-parameter results: (a) All frequency bands from Patch 5, (b) 










Figure 5.22 Measured gain versus frequency plots for the 6-element varactor 
reconfigurable array with solid line being gain as measured by the Satimo, dashed line 
being gain minus the losses from the cables and coupler, dotted line directivity: (a) At 





shown as the dashed line.  Also shown for comparison is the d irectivity as the 
dotted line.  The broadside plot of Fig. 5.22(a) shows a total efficiency for the 
array of between -2 and -3dB which is typical for our reconfigurable pixel 
patches with high impedance DC biasing.  The measured results of peak gain 
for broadside are within 1dB of simulated values.  When the additional loss es 
from the cables and coupler are considered, measured values align very closely 
with what was predicted by the simulation.  There is slightly more deviation 
from simulated values for the 35° scan gain values of Fig. 5.22(b).  However, 
when the loss of the cables and coupler with the additional loss from phase 
shifter from Fig. 5.18(b) are considered, the measured results are still in line 
with simulated values with the middle of the frequency range being marginally 






Measured normalized radiation patterns for selected frequencies are 
shown in Fig. 5.23.  As seen, the specimen clearly demonstrates broadside and 
35° main lobe scanning angles throughout the entire range of frequencies and 
for all bands.  The beam steering begins to break down at 400M Hz due to the 
 650MHz 550MHz 480MHz 400MHz 
 0° 35° 0° 35° 0° 35° 0° 35° 
-3dB BW 18° 21° 21° 27° 24° 31° 30° 33° 
Peak Gain (dB)  13.2 10.5 11.9 9.5 10.7 9.2 8.1 6.5 
 




main lobe increasing in beamwidth.  However, as discussed previously, it was 
expected that the main lobe would lose definition towards the lower end of the 
frequency range due to the behavior of the array factor at those electrical 
lengths of element spacing.  Corrective actions could include increased 
element spacing or increased number of elements.  Additionally, there is some 
evidence of spurious radiation extending towards ±90° in the radiation patterns 
excepting the patterns at 400MHz.  These horizontall y directed portions of the 
patterns are not of great significance due to being at most 18dB down from the 
main lobe, but nevertheless were not predicted by the simulation model.  It is 
possible that the combination of cables used is causing this radiatio n and a 










Figure 5.23 Measured normalized gain patterns for the 6 element varactor reconfigurable 
array showing broadside and 35° beam direction at selected frequencies with cross 




In summary, the 5ft linear array consisting of 1062 varactor diodes and 
approximately 543in of 0.02mm diameter graphite fibers was a significant 
undertaking to fabricate and instrument by hand under the microscope. 
Nevertheless, the final fabricated array clearly demonstrates a reconfigurable 
S11 bandwidth from 400MHz to 720MHz for frequency ratio of 1.8:1 which 
has not been reported before by any group to our  knowledge when coupon 
thickness is considered. The array has a gain between 8.1−13.2 dB when 






The focus of this dissertation was on an entirely new idea of designing 
and developing broadband frequency reconfigurable patch antennas that can be 
integrated or embedded within a structural platform such as an aircraft.  The 
new antenna design and fabrication presented fu lly address the constraints that 
are present in the development of conformal, structurally embedded antennas 
e.g. dielectric substrate materials, epoxy, curing temperature, electronic device 
integration etc. First, an L-band MEMS reconfigurable pixelated patch antenna 
is presented.   Integration of electronic switches with the antenna in a structural 
environment was found to be a tremendous challenge, and in the case of 
MEMS, required a novel flip chip instrumentation process that utilized non -
traditional conductive epoxy-based connection.  Additionally, the DC biasing 
of the RF MEMS switches using bias traces and wires presented to be 
significant barriers towards achieving good antenna performance, as the 
antenna RF fields were coupling to the DC biasing s ystem causing RF currents 
in them which drastically altered the impedance of the antenna and caused 
spurious radiation.  These problems were illustrated through experimental 
results as well as analyzed through simulations.  
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It was shown that creating the DC bias traces out of high-impedance 
material can successfully decouple the DC traces from the RF currents.  A 
novel method of creating the high-impedance traces in a structural environment 
was presented in the form of small segments of ultra -thin graphite fibers that 
were connected using conductive epoxy.  An experimental prototype antenna 
that was built and tested clearly demonstrated frequency reconfiguration using 
RF MEMS with good measured return loss bandwidth, gain, and radiation 
pattern results. 
Secondly, it was demonstrated that incorporating the MEMS 
reconfigurable pixel patch design as a valid structural article was possible 
through the use of additively manufactured or direct -written conducting traces.  
The challenges involving the surface of the direct written traces when used 
with MEMS were discussed, analyzed, and solved through surface treatment 
and subsequent gold plating.  An experimental MEMS reconfigurable structural 
antenna was fabricated using direct written conducting traces tha t were 
deposited on fiberglass and epoxy structural laminates.  The laminates were 
bonded into a sandwich coupon, and the pixel patch antenna was implemented 
as a fully structural article.  Measured S11 and radiation pattern results 
demonstrate excellent performance e.g. 1.1−1.75 GHz of operation with peak 
gain of 7.8dB. 
Thirdly, in the context of developing a structurally embeddable phased 
array antenna a varactor reconfigurable pixel patch antenna was first designed 
at UHF frequencies. Varactors were chosen due to the further unavailability of 
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the previously mentioned MEMS switches. Since varactor switches are by 
nature governed by their ON and OFF state capacitances and are not as ideal 
as MEMS in terms of insertion loss and isolation significant amount o f design 
optimization through simulations was done to achieve reasonable isolation and 
insertion loss. In addition, a fourth reconfigured frequency band was added to 
the UHF reconfigurable antenna which was not attempted for the L-band 
MEMS reconfigurable antenna.   Finally, a fully developed simulation model 
was presented and analyzed in the presence of varactor switches and high -
impedance DC bias lines that showed antenna element operation from 430 MHz 
to 750MHz. 
Finally, the detailed study, design, analyses and implementation of a 
UHF varactor reconfigurable phased array antenna was presented.  The 
challenges of achieving nearly an octave band frequency reconfigurable patch 
phased array while maintaining the mutual coupling between array elements to 
be reasonably low were addressed through simulations. A 6 -element phased 
array consisting of phase shifting networks, 2160 number of varactor boundary 
conditions, and all graphite DC bias traces was analyzed through simulation.  
An experimental prototype was built demonstrating frequency reconfiguration 
in four bands using 1080 of varactor diodes.  Radiation pattern and gain 
measurements of the array show 8.1−13.2 dB gain in the broadside direction 
and 6.5−10.5 dB gain in the 35° scan angle from 400 to 720MHz. 
144 
 
6.2 Future Work 
Multiple areas likely warrant further investigation.  Many practical 
applications would need the back radiation from the coupling slot to be 
reduced.  The most straightforward means of doing so would be to include a 
layer of RF absorbing material beneath the slot to simply attenuate the 
radiation in the backwards direction.  The challenge with this approach would 
be to do so with as thin of a layer of absorbing material as possible so that the 
total thickness is minimized.  A more interesting method would be to attempt 
to harness the backwards radiation and use it to increase the forward gain of 
the antenna.  The challenge with this prospect would be to create an engineered 
surface which would reflect the backwards radiation with the appropriate phase 
so that it constructively adds with the forward radiation across the entire 
bandwidth of the structure.  Mushroom shaped EBG surfaces have been used 
to create very low profile directional dipoles in the past, and perhaps s uch a 
technique could be used here as well.  
Circular polarization is commonly required for communication antennas 
and especially so for satellite communications, so a means of adjusting the 
pixel patch antenna to incorporate this feature could prove useful .  Aperture 
coupled patch antennas can be designed for circular polarization by having 
dual slots excited by parallel feed lines with Wilkinson power dividers or 
quadrature hybrids.  The caveat to this is that the patch itself is set to be square 
so that the necessary symmetry is present to achieve a low axial ratio.  The 
nature of the pixel patch antenna is to increase the length of the patch to 
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achieve multiple frequency bands, so that a square shaped patch is only 
realized for one of the frequency configurations.  Circular polarization is not 
ruled out however.  If a second direction of reconfiguration is added to the 
pixel patch, so that the width of the patch increases or decreases in step with 
the length, a square patch could be maintained for all frequency configurations.  
The challenge to this would be to implement the required DC biasing for the 
additional switches in such a way as to perturb the bandwidth and gain of the 
antenna as little as possible.  
A third area which bears examination is the abil ity of the antenna to 
handle high power as is required for transmitter or radar applications.  There 
is some question of what would occur with the high-impedance bias lines 
embedded in the structural coupon if the amount of power supplied to the 
antenna was greatly increased.  It is possible that enough RF power is being 
dissipated in the bias traces that internal heating of the coupon would occur.  
Analysis would need to be performed to determine the extent of such concerns, 
if present at all.  Additionally, while the MEMS were rated for high power 
applications, the suitability of the varactors for such a role is less clear.  
Also relevant is the area of MIMO communications.  As it stands, the 
presented UHF array exhibits too high of mutual coupling to be s uitable for 
MIMO, for which a greater than 20dB of isolation between elements is 
commonly desired.  Options for achieving this could include increasing the 
distance between elements, but this cannot be done without altering the array 
factor.  More interesting is the possibility of adding a mushroom structure 
146 
 
surface between the array elements.  Using this method, the potential is there 
to maintain the element spacing by greatly increasing the isolation between 
elements. 
Although the electrical engineering aspects of the project have been 
successfully proven in so far that we did integrate electronic switches in a 
structural article and merge the concepts of pixel antennas and CLAS antennas, 
the structural analysis has not been completed.  While the graphite bias lines 
of Chapter 3 onwards were shown to be suitable for biasing electronic switches 
while minimally perturbing antenna impedance and efficiency, there is some 
question as to the durability of the graphite lines if the structural article they 
were embedded in was subjected to rigorous structural testing.  The graphite 
fibers have a protective layer of structural epoxy coating them before being 
bonded into the coupon, with further structural epoxy used during the coupon 
bonding process.  Whether this is  sufficient protection for the extremely thin 
diameter graphite fibers would need to be confirmed via experimentation.  
There is another potential area of application for the embedded graphite 
fibers as an aid in structural fault identification.  The graphi te lines could 
potentially be used to identify internal structural faults within the composite 
article, as cracking which occurred to the composite skin would crack the 
graphite traces as well.  Small DC currents sent through the graphite fibers 
would identify if the embedded graphite fibers still provided a continuous 
electrical connection, or if the electrical connection had been broken indicating 
a failure had occurred within the structural coupon.   
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